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ABSTRACT 
The conformation of a polymer chain is very sensitive to changes in the surrounding 
environment. When polymer chains are chemically tethered at one end to a solid substrate or 
interface with a sufficiently high grafting density, the chains avoid overlapping and stretch 
along the surface normal to form a polymer brush layer. Thus, substrates and interfaces can 
be modified with thin {2 —100 net) highly dense polymer layers that have the ability to adapt, 
or exhibit switching of surface morphologies according to changes in their surrounding 
medium, such as solvent quality or pH. Dense, uniform glassy and rubbery brush layers were 
fabricated and thermal, mechanical, and thereto-elastic properties of the layers were directly 
measured with nanoscale resolution for the first time and compared with values found for 
polymer chains in the bulk state. For the binary polymer brush layers, atomic force 
microscopy "force volume" experiments indicate the bimodal response of the mechanically 
heterogeneous surface, with elastic modulus and adhesion distributions very different for the 
"glassy state" and the "rubbery state". We demonstrate the complete reversible tailoring of 
one polymer brush layer possessing a very adhesive surface with elastic modulus around 50 
MPa upon exposure to acetone, and switching to a glassy low energy surface with elastic 
modulus around 1 — 2 GPa .after quick exposure to toluene. Such a surface is of great interest 
because versatile microsystems are now being designed that integrate mechanical, optical, 
fluidic, chemical gating, and biological devices to perform complex sensing functions. 
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CHAPTER 1 
Advances in Polymer Surface Science 
1.1 Modification With Polymer Surfaces 
Polymer surface and interface science has emerged over the past two decades as a 
critical issue in fields ranging from materials science and surface chemistry, to 
nanotechnology and bio —inspired research. Traditionally, polymer surfaces have been 
instrumental in physical and chemical processes to stabilize colloidal suspensions, promote 
lubrication and control adhesion, and act as water and oil repellants.1,2,3 This application of 
polymers has changed our life significantly in the past 20 years. More specifically, in recent 
years, a vast amount of theoretical and experimental work has been devoted. to applications 
of thin (1 nm — S 00 nm) polymer films constructed of well —organized or patterned polymer 
chains that are chemically attached (grafted) at one end to a solid surface.4's'6'~ The work in 
this thesis concerns chemically attached polymers as surface modification for inorganic 
substrates. Chemical grafting has several advantages over physical processes including the 
ability for a high density of polymer chains attached at the exact desirable locations. 
Additionally, covalent attachment of polymer surfaces reduces the possibility of 
delamination, and aides in Long-term chemical stability of the chains. 
The science of polymer surfaces has, for the most part, remained a largely empirical 
science, especially for development of layers on the nanoscale. However, with the arrival of 
new instruments and theory that have allowed for improved understanding at the molecular 
level, this aspect of polymer science has experienced many recent breakthroughs, and the 
engineering of nanoscale polymer surfaces is among the most rapidly growing areas in 
science. The majority of breakthroughs in this area have been allowed through the invention 
of the atomic force microscope (AFM) in the late 80s.g For the polymer surface engineer, the 
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AFM is the most important tool and its invention opened new perspectives for the 
characterization and manipulation of soft materials, such as polymer films.9, l o 
Perhaps the largest use of thin polymer films today is to serve as nanometer sized 
templates in the fabrication of nano and micro devices, and to promote lubrication and 
control adhesion at the nanoscale in operation of these silicon based nano and 
micromachines.11 Indeed, this marriage of polymer coatings and nanotechnology helped to 
spawn a new technology about 10 years ago based on very tiny devices that combine 
microelectronics with actuating and sensing functions.12
Over a decade ago, the industry of polysilicon based surface micromachines (SMMs), 
otherwise known as MEMS (microelectromechanical systems, which has now evolved into 
NEMS, or nanoelectromechanical systems), was born out of the semiconductor and 
integrated circuit technologies.13,14, i s Surface interactions occurring during mlcromachine 
processing and operation are of particular concern, and in-use suction, along with high 
friction and wear rates, is the main problem and limiting step to a reliable, long lifetime.16
These issues are a result of the high concentration of silanol (Si-OH) groups, which leads to 
high-energy surfaces that are extremely hydrophilic (contact angle approaching 0°) causing 
huge attraction between contacts. As SMM dimensions shrink further into the nanoscale, 
100, OOOx 
Figure 1. Representation of a typical actuating gear system in a SMM (left), and 
detail of the nanoscale contacts between mating surfaces. Picture from Sandia NL. 
boundary 
lubrication 
regime 
~d~ d ,, , ~ 
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these increased capillary forces and adhesion between mating surfaces lead to excessive 
friction forces, and failure by stiction can occur in a matter of minutes.l ~ In addition, 
surfaces in SMMs must withstand highly localized normal and shear stresses, which are 
characteristic of the contacts in the nanoscale regime (Figure 1). For such systems, the 
energy dissipation associated with surface interactions becomes the most important factor in 
nanoscale surface response. This is why in submicron-scale tribology, the physical and 
chemical properties of surfaces are primary factors rather than the bulk properties. 
Therefore, chemical modification or lubrication of SMMs surfaces with organic molecular 
coatings is commonly used to overcome these tribological issues. Thus, it is clear that 
interfacing the MEMS, the tribology, and the materials science communities has been quite 
beneficial in the advancement of SMMs. 
1.2 Current Process in SMM Modification 
It is important to note that advances in the design and mechanical capabilities of 
SMMs have far exceeded the development of protective polymer lubricating films required 
for even minimal operation of these microscale devices. Currently, even the implementation 
of the simplest organic coatings with thickness less than 10 nm is still a very challenging 
problem.l s,19,2o In fact, one of the most recent reviews published in this area by Maboudian et 
al. reveals no dramatic advancements, and many researchers are still focused on the same 
chemistry for protective coatings as when MEMS were first introduced over a decade ago.21
This approach utilizes functionalized alkyl chain self-assembled monolayers (SAMs) for 
chemical modification of the polysilicon surface.22 The SAM is usually functionalized with 
silane or thiol groups for bonding to silicon or gold surfaces, respectively, and they achieve a 
strong chemical attachment to surfaces via a network of covalent bonds and hydrogen 
bonding (Figure 2). 
Several results have shown that such SAMs greatly reduce in-use stiction, lower 
capillary forces (contact angle of greater than 100°), and lower friction and wear in SMMs 
contacts (Table 1).21'23'24'25 Still, the mechanical, wear, and sheax stability, as well as thermal 
4 
stability of these coatings is very susceptible. The durability of monolayer coatings is also a 
concern. SAM coatings have been shown to wear off when operated under moderate contact 
pressure (MPa and higher).21 This stems from the fact that the SAMs are thin (typically a 
few nm) and can be worn away. Another drawback of the SAM being too thin concerns their 
~ ~~ - 
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Figure 2. A simplified diagram of the formation of a silane functionalized SAM, in this 
case an octadecyltrichlorosilane, or OTS (molecule at top) monolayer. The first reaction 
(not shown) is the complete hydrolysis of the OTS molecule, resulting in the formation the 
trisilanol form of OTS shown in the figure. Subsequently, water elimination reactions 
result in Si—O—Si linkages between adjacent OTS molecules and/or the oxidized substrate. 
From Ref 21. 
Table 1: Chart comparing the four most widely used SAMs for surface modification of 
SMMs, along with the comparison to the bare silicon oxide surface. From Ref 21. 
Surface Contact angle  Work of adhesion Coefficient of Thermal Particulate Selective References 
treannent t~Vater Hexadecane (mJlmz} static friction stability in air formation to Si 
OT 1 l Q° 3 S~ ~.~ 1 ~ ~. a7 ~2 S ° ~ High ~~ [4~] 
F I~T~ 1 ] 5 ° ~S~ ~.~~ 5 O. l ~ ~~ °' ~ very high ~ c [ 1 ~, l S] 
O~ta~~cene 1 X04° ~ 5° ~.~0~ ~.OS ~1~ ~~ i~egligit~l~ des [~~] 
Oxide ~-~~° ~-~~~ ~~ 1.1 - - - [30}4~] 
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elastic properties. A piercing contact with sufficient normal load can easily penetrate 
through the monolayer to the inorganic substrate causing damage to the surface. SAM 
layers, because they are on the order of only one manometer thick, cannot support high 
normal loads or large reversible elastic deformation. Furthermore, the coating process with 
the ma' orit of SAM chemist is extremely arduous with numerous steps involved.26'27 This J Y ry 
process requires high purity acids, anhydrous solvents, substrates, and a dry N2 environment. 
Humidity must also be highly controlled: too low of humidity will result in an insufficient 
oxide layer on the Si surface, while high humidity will cause the SA,M precursor to 
polymerize resulting in organic aggregation on the surface. 
As previously mentioned, microscale applications have become more advanced and 
demanding in the past few years. Systems are now being designed that integrate mechanical, 
optical, fluidic, chemical gating, and biological devices into versatile microsystems to 
perform complex sensing functions. Such systems require "smart surfaces", or surfaces that 
have the ability to respond to external stimulus such as temperature, solvent quality, ionic 
strength, or pH. For example, polymer implants are increasingly being used in medical 
treatments, and for this to succeed, the implant must mimic the previous part functionality. 
To do this, it must have an adaptive surface that can change inside the body in order to be 
accepted. In chemical gates and fluidic channels, smart polymers can swell or expand due to 
pH or temperature changes resulting in reduced or increased flow in the system. The 
aforementioned SAMs do not have the ability to do this because of their lower molecular 
weight, poor thermal stability, and lack of ability for large scale conformational changes of 
their chains in response to external forces. In addition, nanotechnology devices have 
required polymers to become building blocks in functional structures on decreasing length 
scales.2s,29 Nanometer sized templates and precisely patterned films, which are not feasible 
with SAMs, are of increasing importance for advanced developments in microelectronics, 
catalysis, sensor technology, and microbiology.3o,31,32 From this discussion, it is apparent that 
SAMs lack durability and wear resistance, they are without the ability for large scale 
conformational change and elastic deformation of their chains, they cannot respond to 
external stimulus, they are not bio —compatible, and they will not form nanostructured 
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domains. Thus, it is clear that the SAMs of today cannot meet the demands of future 
nanotechnological applications. 
A new generation of surface modification is being pursued using polymeric materials 
that can meet the following criteria: 
1. Tribologically sound: Coatings should exhibit superior wear resistance with 
controllable friction and adhesion along with mechanical, structural, and thermal 
stability surpassing that of conventional SAMs. They must have capabilities of 
exhibiting both reversible elasticity to large local deformations as well as 
compression resistance, and be designed with built — in mechanisms for 
mechanical energy dissipation. All of these traits must be packed into a layer that 
is sufficiently thin (2 — 100 nm) to assure feasibility into intricate SMM devices 
with dimensions on the nanoscale. 
2. Tunable surface morphology and properties: This means having adaptive, or 
switchable surface composition and mechanical properties as a function of 
external conditions. Thus, with different combinations of chemistry, the surface 
properties can be "tuned" for a desired application. The composition and 
morphology of the surface should be reversible and the time frame for switching 
minimal. Upon switching, the surface should be very different then the previous 
state, and the combination of surface properties should be engineered to be 
worthwhile. This could include a switch between degree of adhesion and 
swelling to control flow or form nano-patterns and stabilization of nano-particle 
networks, or for satisfying biocompatibility. Along with this, incorporation of 
self-repairing mechanisms to ensure a long life is desirable. 
Such surfaces are possible in principle only through chemical attachment of either 
nanocomposite polymers or grafted polymer brush layers. The focus of this thesis will be on 
grafted polymer brush layers. 
1.3 Surface Modification by Grafted Polymer Layers 
A deviation from the above SAM approach to surface modification is the formation 
of molecularly thick layers from adsorbed macromolecular chains (Figure 3).33' 34 Here, 
SAMs play the role of coupling agent as they are functionalized at both ends to attach 
polymers to inorganic surfaces. The bonding to the inorganic solid surface through 
silanization has been described above. * The other end contains functional groups such as 
carboxyl, hydroxyl, amine, sulfate, epoxy, and other chemical groups.35 These functional 
groups can react with suitable higher order macromolecular chains and thus the polymer is 
"chemically coupled" or grafted to the silicon substrate (Figure 3) via the SAM precursor 
molecule. SAMs are predominantly used as precursor molecules to bind organic to 
inorganic. 
The application of this approach has been demonstrated for a number of grafted 
polymer layers. Polymer layers were grafted to mica, carbon, gold, silicon, silica, biomedical 
surfaces, polymer f lms, and fibers. These layers possessed low adhesion, intermediate 
friction coefficient, and remarkable wear resistance to surface damage fax exceeding that for 
conventional SAMs or bare oxide surfaces.36
1.4 Definition of Polymer Brush Layers 
Under typical equilibrium conditions, a polymer chain takes on the random coil 
conformation with a radius R~, also commonly referred to as the radius of gyration (Rg) 
(Figure 4). Now, when polymer chains are strongly adsorbed, or tethered at one end to a 
surface, or interface, with a sufficiently high enough grafting density, the chains act to 
alleviate overlapping by stretching away from the surface and forming abrush-like 
structure.37'38 Irreversible (chemical) or reversible (physical) grafting of polymer chains to a 
In this work, all polymer films were constructed on silicon wafers. Therefore, the term "inorganic" implies 
silicon dioxide, and silanization is the process of the SAM forming the covalent bonding network with a silicon 
dioxide surface. 
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. 
Functionalized 
Polymer 
~lnm 
2-100nm 
Figure 3. Top: Simplified view of macromolecular chains (blue) chemically tethered 
to a silicon substrate. Bottom: Blown up vfew of the circles in the top view. SAMs 
precursors act as coupling agents to couple the macromolecular chains containing 
functional groups (black triangles) to the inorganic solid surface. The circles in the 
SAM form the chemical attachment with the substrate while the triangles in the SAM 
form chemical bonds with the polymer chains. 
9 
flat solid interface generally can result in one of three possible conformations depending 
upon grafting density of the chains.39'4o At low surface concentrations, the chains lie on the 
surface and form the "pancake" structure. In the case when there is a relatively medium 
grafting density, or d/Rm ~ 1, the free end of the chain tends to form a mushroom like 
structure41 with radius Rm (Figure 4). However, when the tethering density becomes high and 
crosses a certain threshold in which d/Rm becomes very small, neighboring chains crowd one 
another. As a result, densely grafted chains will be more apt to stretch away from the 
grafting site, and strong deformations of the average dimensions will occur.42 The resulting 
layer architecture is known as a polymer brush. This situation, in which the 
Rg
w .~ 
• Dm 
;~►; 
:♦— a —►: d 
Figure 4. Model comparing the conformation of a free polymer chain (top left) and 
grafted chains as a function of the grafting density (d) on a solid surface. The chain 
conformation goes from the pancake, to the mushroom, and finally to the brush 
conformation (far right) at the highest grafting density. The model for the 
mushroom structure is over-simplified in that there is not this high amount of free 
volume within the layer underneath the chains. 
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polymer chains stretch along the surface normal, is quite different from typical flexible 
polymer chain behavior in solution, where the well known, random-walk (Gaussian coil) 
configuration is found. In other words, the equilibrium conformation is a highly stretched 
conformation. Sometimes, this stretching is very much farther than the typical un-stretched 
size of a chain, often more then five times, especially in the presence of a good (selective) 
solvent.43 These stretched configurations (deformations) are found under equilibrium 
conditions without the assistance of some external field or under the confinements of surface 
geometry.34 The brush structure of the polymer chains is responsible for novel behavior and 
physical properties, as will be shown in this thesis. 
a~ ;~ F l~~xi hlc ht~rnt~~c~ly~~tt~t' ~a~~:~~ ~h~ A~lx~c~ l~o~~o~o~y~~~~r t~~~u.~~~ 
i~iiiiiiili i~iiliiifiii 
c~ R~r~o~~~ ~~+~~►o~~r~~:t~c ~~~~ 
~~~} Ch~~~~~~ t~+~n~c~~oly~~~~- ~rc~~h. 
~~:~ I3~o~k c~o~~ly~~?~- hru 
Figure 5. Classification of 
polymer brushes. The top 
two forms (al and b) will be 
the primary focus of this 
research. From Ref 38. 
r ~.z~ Li~ui€f eryst~llinky ~oly~~~n~r ~rc~s~~ 
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Several types of polymer brushes exist and they can be categorized as a homopolymer 
brush, mixed homopolymer brush (binary brush), or block copolymer brush (Figure 5).38
Homopolymer brushes refer to an assembly of tethered polymer chains consisting of one type 
of repeat unit. Mixed homopolymer brushes are composed of two or more types of 
homopolymer chains. Homo polymer brushes can be further classified as neutral or charged, 
as well as their flexibility (flexible, semi-flexible, rigid) (Figure 5).38 The focus of this work 
is on flexible homo and mixed homopolymer brush layers that are charge neutral. 
The scaling properties of homopolymer brushes were first considered by Alexander44
and de Gennes45 in the late 1970s. The starting point is a form of the free energy per chain 
containing two physical contributions: (a) an entropy of mixing between individual 
monomers, which tends to swell, or stretch, the grafted chains, and (b) elastic terms for the 
grafted chains.45 In other words, the free energy per deformed chain is the balance between 
interaction and elastic free energies in the empirical form: 
F  — F  int + F  elastic (1 ~ 
Dense tethering of polymer chains on an interface initiates a strong overlap among the 
undeformed coils, increases the monomer-monomer unit contacts and the corresponding 
interaction energy. Thus, the chains are forced to stretch away from the surface (lowering 
the monomer concentration in the layer) in order to lower the interaction energy per chain, at 
the price of increased elastic free energy. The give-and-take action of these two energy terms 
determines the equilibrium layer thickness.34
When the attempt is made to irreversibly graft polymers to a solid surface, it cannot 
be assumed that the brush structure will result. In fact, as will be discussed in Chapter 2, 
achieving a true brush structure is a challenging issue in polymer surface science. After 
synthesis of the layer, several experimental values must be determined and compared with 
theoretical predictions in order to verify if a brush was indeed constructed. The most critical 
parameters for characterizing a polymer brush layer are as follows: 
12 
1. The molecular weights. The number average (M„), the weight average (MW), and 
the polydispersity (MW/M„) are experimentally determined with gel permeation 
chromatography (GPC). 
2. Grafted layer thickness (L). This is found through independent ellipsometry and 
AFM scratch test measurements. 
3. The grafting density (D). Calculated after knowing parameters 1 and 2, and it 
follows the formula: 
p  = (~) (P) (Ne) (2)
(M„ x 1021) 
where p is the density of polymer (g/cm3) and Na is Avogadro's number. The units 
are chains/nm2. 
4. Distance between graft sites (I). Calculated in units of nm after knowing parameters 
1 and 2, and calculated using the formula: 
(3) 
5. Chain length in the bulk state (ham). The end — to —end distance is calculated in 
units of nm after knowing parameters 1 and 2 using the formula: 
ho = k x Mn 0.5 ~4~ 
where k is taken to be 0.070 — 0.068 for the polymers used in this research. 
6. Radius of gyration (R~. The radius of gyration, measured in units of nm, is 
compared to the grafting distance to obtain an idea of how many grafted chains are 
packed on the surface into the volume of a single macromolecular chain. It follows 
the formula: 
R9 =ho ~~ (s) 
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Of these parameters, it is obvious that the molecular weight and thickness of the 
polymer layer must be established with extreme certainty so that the other parameters can be 
calculated accurately. 
1.5 Binary Polymer Brush Layers 
As will be discussed in Chapter 2, the construction of only one component, or 
homopolymer brushes, is still a challenging issue, and their physical properties remain 
largely unknown. It is the aim through this research to successfully explore this issue and 
determine the physical properties of dense homopolymer brushes. However, we take this one 
step further by developing two component, or binary polymer brush layers, and 
understanding their properties from the micro down to the nanoscale. 
A binary system is composed of two separate incompatible polymers with very 
different mechanical properties ideally (for example a glassy and rubbery polymer 
combination), grafted onto an interface with the possibility of varying grafting densities for 
each polymer. Each polymer also has the ability to swell or collapse based on external 
conditions such as pH, temperature, and solvent quality. From this, a huge array of surface 
configurations, morphologies, and physical properties are possible from the interplay of these 
three variables along with different polymer choices. In other words, implementing binary 
brushes as coatings allows for very concise tailoring of surface properties never before 
realized. Such switching behavior has been shown to be reversible, and such a surface may 
be employed as a so-called "smart" material, which has the ability to respond to external 
stimulation (Chapter 2).46 Obviously, the possible range of surface properties with this 
system becomes much more diverse and amplified then for one-component brushes and 
SAMs. 
To summarize, in polymer surface science, it is desirable to create densely grafted 
polymer brush layers that possess superior wear resistance, elastic deformation, and 
morphological properties over those of conventional SA1VIs. This is a result of the recent 
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advancements in nanotechnology. The concept of polymer surfaces functioning merely for 
lubrication enhancement is no longer the aim. Now, in addition to acting as lubricating films, 
polymer surfaces must be able to respond to the environment and have adaptive properties so 
they can be tuned for certain conditions such as wettability and adhesion. The challenge for 
the polymer surface engineer is to build all these desirable functionalities into one single 
layer. 
Therefore, in this research, homo and binary polymer brushes are synthesized onto Si 
substrates, and the conformational, nanomechanical, and tribological properties were studied. 
The first phase of research was developing and proving reversible switching in the binary 
brushes, and to determine their dry surface microstructure as a function of solvent quality 
using AFM. It is an unclear issue of how molecular weight and solvent quality will affect the 
reversible switching mechanism and structural properties, and hence physical properties. 
The second phase of research is to determine the physical, nanomechanical, and 
tribological properties of polymer brush layers using AFM. Initially, homobrush layers were 
studied before shifting the focus onto complex binary systems. Thermal properties were 
explored to compare the physical properties of the brush structure with bulk polymer values. 
A much more difficult task was to determine the structural and mechanical properties of the 
homo- and binary brushes under different solvent conditions using AFM. Samples were 
examined in varying solvent conditions to investigate the swelling/collapse phenomena and 
conformational changes in the polymer surface. 
1.6 Goal 
The ultimate goal of this project is to design and develop ultra thin polymer brush 
films, and to determine their nanoscale structural, mechanical, and tribological properties. 
Additionally, the goal is to construct binary brush films from pairs of incompatible polymers 
and show that they can exhibit reversible morphologies based on external conditions. The 
motivation and relevance of this project is in the advancement of building wear-resistant, 
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nanocomposite coatings from advanced polymers Wlth controllable nanomechanical and 
tribological properties to enhance the performance of complex SMM systems. Novel 
pathways using AFM will be developed to explore the nanotribological and nanomechanical 
properties of homo and binary brushes exposed to varying external conditions, and produce 
quantitative results for both. 
1.7 Ub j ectives 
~ Homopolymer Brushes. 
x Fabrication and comparison of grafting to and grafting from approaches, 
especially to investigate the influence on grafting density. 
x Determine the surface morphology after exposure to good and bad 
solvents. 
x Find the thermal properties using both macro and micro-scale methods, 
and using AFM to probe the mechanical properties as a function of 
temperature. 
x Test the mechanical properties by AFM while brushes are immersed in 
good and bad solvents to observe the swelling/collapse transition in-situ. 
x Determine the frictional properties on the micro and nanoscale. 
Binary Polymer Brushes. 
x Design and fabrication of binary brushes that can be stimulated and react 
to external conditions. The primary concern in design it to choose 
polymers that are readily available and have very different surface 
energies and mechanical properties so as to be tailored for versatile 
engineering applications. 
x Optimizing concentration and molecular weights of each component to get 
a reversible structure with minimal switching time. 
x Understanding the microstructure of binary brushes after exposure to 
good, bad, and non-selective solvents respective to each component. 
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x Establish the micro-thermal properties of each component in the binary 
brush after exposure to different solvents, and compare them with macro 
values. 
x Determine the nanomechanical properties as a function of solvent quality, 
and to quantify Young's Modulus and adhesion from different domains 
within the binary brush. Interpretation will be based upon existing models 
of mechanical contact (Sneddon, Hertz, Jx:R). 
x Observe reversible friction and tribological performance on the micro and 
nanoscale upon switching of the brush. 
1.8 Approach 
The approaches for the design and fabrication of molecular coatings consisting of 
composite brushes studied in this project were taken with several considerations. First, the 
challenge in the design of any high —performance polymer coating is the enormous disparity 
in physical properties between the inorganic substrate and the deposited polymer. For 
example, typical values of Young's modulus for polymers are 10 — 1000 times lower than the 
values for the inorganic material. In addition, the thermal expansion coefficient for inorganic 
materials is 5 — 10 times lower. These differences can create large stresses at the interface 
and lead to its rupture, delamination, or buckling.47 Furthermore, thin coatings often develop 
residual compressive stresses during the deposition process.48
Composite polymer brush layers should be designed with very different polymers so 
that upon response to outside stimulus, there is an absolute switching of surface and physical 
properties. The first approach in this study is construction of a binary brush in which one 
component is elastomer —like, and one which is very stiff, or glassy, for example. The 
elastic component can act as a layer that alleviates the interfacial problem described above, 
as well as allow for highly reversible mechanically induced deformations. Secondly, the 
glassy component can prevent the penetration of sharp asperities through the layer to the 
inorganic substrate. Another design will be to use the same model of a glassy/rubbery brush, 
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but take it one step further by adding fluorinated groups to the glassy component. Important 
factors in the behavior of low-energy surfaces include both the precise nature of the atoms 
populating the surface and their physical arrangement. Fluorinated polymers have 
particularly low-energy surfaces and have been successfully used as surface modifiers for 
low surface energy coatings, prevention of adhesion between contacts as well as sharp 
reduction in friction coefficient, and for biocompatibility issues.49'so In a fluorine containing 
diblock copolymer, the fluorine block is likely to segregate to the surface, thereby 
minimizing the surface free energy. Molecular weight is another critical issue to consider in 
design. Reversible behavior, elastic, thermal, and surface properties will all depend heavily 
on molecular weight. The approach taken here will be to study systems with both large 
macromolecules (100,000 — 400,000 g/mol) and smaller chains (5,000 — 20,000 g/mol). 
Finally, the approach for layer fabrication must meet the requirement that there be a strong 
chemical attachment of the layer to the inorganic substrate, and that grafting density be 
sufficiently dense to produce a true brush structure. 
Overall, the research chronology (Figure 6) is to develop homobrush layers on 
functionalized silicon substrates of different polymers and to fully characterize their physical 
properties. Then, the polymers from these homobrush layers are combined into a single 
multi-component brush layer and characterized. 
((ll(([(ll~((~ l((ll(ll(l((l[ 
(l ~[((ll((l ((l 
Figure 6. Simplified schematic of project approach. First, rubbery (red) and glassy 
(blue) homobrush layers are designed. Second, these two polymers are built into one 
single layer (bottom). 
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CHAPTER2 
Polymer Brushes Significance, Applications, Synthesis and 
Structure 
2.1 Significance and Applications 
It is established that the modification of solid surfaces by grafted polymers is a 
versatile and effective practice for tailoring their surfaces. Commonly, the choice of 
polymers has been governed by the chemical composition of the tethered layer required to 
obtain a specific condition for friction, adhesion, wettability, etc. However, it was realized 
that the resulting morphology of the thin grafted layer had a huge impact on the resulting 
physical properties. s 1 The significant phenomena that makes polymer brushes unique and 
attractive as prospective materials for the surface modification of next generation, 
sophisticated SMMs is as follows: Because of the confinement, the high grafting density, 
and uniformity in composition and chain height throughout the brush, the layer can respond 
communall to even very subtle changes in the surrounding environment such as pH,s2 y 
temperature,53 and solvent quality.s4,ss~s6 The next generation of micromechanical systems, 
capable of working in fluctuating "wet" environments, require adaptive surfaces constructed 
with "smart" properties that can not only sense or respond to environmental stimuli, but are 
also robust and possess tailored, on-demand physical properties.s~ Thus, polymer brush 
films, with their ability to change and exhibit reversible switching of the surface structure 
under external stimuli are prospective materials for these applications. 
Although applying polymers with switchable properties to engineered interfaces is a 
new and developing field, the concept of a "switchable surface" is not new because it is well 
known that the polymer chain conformation is highly sensitive to a change in the surrounding 
medium.45 The radius of gyration of a polymer coil increases several times when the chain 
switches from a collapsed to a swollen conformation upon exposure to poor and good 
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solvents, respectively.41 Only if the chain is irreversibly tethered to a solid substrate, one can 
employ this switching behavior to construct a devise or sensor, sensitive to the surroundings. 
Polymer brushes initially attracted attention back in the 1950s for their application to 
colloidal systems.58 ~-Iere, it was realized that grafting polymer chains to colloidal particles 
act to stabilize an array and/or prevent aggregation of these inorganic particles. This is a 
result of the polymer chains having a preference to the suspension solvent over the colloidal 
particle surface, and thus the two approaching particles resist overlapping and colloidal 
stabilization is achieved (Figure 7). Soon after this discovery, other applications for polymer 
Figure 7. Schematic of polymers on colloidal particles. Unfavorable polymer-polymer 
interactions resulted in the control of dispersion and separation for colloids in 
suspension. From Ref 38. 
brushes were developed including new adhesive materials, protein-resistant biosurfaces, 
chromatographic devices, lubricants for MEMS devices and micromachines, polymer 
surfactants, and polymer compatibilizers.39 And more recently it has been shown that the 
brush structure is responsible for physical properties important in applications of functional 
colloid stabilization,59 drug delivery and biomimetic materials (Figure 8).60' 61 For biomimetic 
materials, it is known that the extent of protein rejection is related to the graft density.62'63 
Polymer brushes are a central part of biomaterials design and protein/cell adsorption.64
Advanced applications also include potential sensors in micro —fluidic systems such as pH 
sensitive gates, oxidoreduction sensitive gates, and photocontrolled chemical gates to 
regulate flow through membranes (Figures 9 — 10).66,66,67,68 And most importantly, they 
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have been applied to tuning lubrication, friction, adhesion, and wettability for tailored 
surfaces.69' 70' ~ 1 
I~~~~~ ~ 1 ~~~~~ ~.~ 
Figure 8: Schematic of a 
chemical valve for drug delivery 
using bio _ sensitive brush. 
Glucose oxidase is immobilized 
on pH-responsive polyacrylic 
acid (PAA), which is tethered to 
the porous membrane. In top 
picture, PAA is expanded, 
blocking insulin transport. In 
bottom, glucose is oxidized 
causing change in pH resulting 
in collapse of PAA and delivery 
of Insulin. From Ref 60. 
Figure 9: pH — sensitive polymer 
brushes as sensors for chemical gates or 
valves in micro-fluidic flow systems. 
Swelling and collapse controls the 
permeability of the valve or pore. From 
Ref 66. 
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Figure 10. Applications of polymer brushes. Top: An oxidoreduction —sensitive 
polymer grafted in a micro fluidic system is used to control the flow of water. The 
corresponding plot shows the ability of the valve to regulate passage of water from 
100 % down to about 10 %. Bottom: Example of a photo —sensitive polymer 
regulating the flow of toluene through a membrane. The corresponding plot shows 
reversible switching of the brush layer over time. From Ref 67 and 68 
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In this work, the concepts expressed above are taken a step further as two different 
polymers are grafted to the same surface, and each species reacts very differently with the 
surroundings (Figure 11). Therefore, in the case of two-component or binary polymer brush 
layers, the variety of surface morphologies possible greatly increases depending upon the 
chemical composition. Surface composition and hence properties such as surface energy, 
adhesion, friction, and wettability have the possibility of being "tuned" to the necessary state. 
The recent development of binary brushes with proven reversibility between morphological 
states has allowed for much more diverse applications.46
Selective Environment for 1'1 Selective Environment for P2 
,~,,`, _ ~ *,r 
;~ ~~~~~ 
Non-Selective Environment 
Figure 11. Model demonstrating how a wide range of surface composition is possible 
in a binary polymer brush system. The top two schemes show selective environments 
for each polymer, bringing the favored one to the surface while the other collapses to 
avoid interaction. At bottom, the both chains favor the surrounding environment, and 
attempt to increase interaction with it by swelling. 
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Review of the applications for polymer brushes from the literature shows they have 
several practical applications, as well as several potential future applications that can have a 
significant impact on our lives. Again, it should be stressed that these mechanisms can be 
effective only if the polymer chains are strongly tethered to the substrate, and the surfaces are 
"smart". Brush layers are desirable because their surface properties and functionality can be 
easily altered, and the above applications require very specifically tuned surface properties 
including tailored adhesion, lubrication, wetting, functionality, and adsorption behavior. In 
addition, brushes have the ability to be patterned and the chemical/physical nature of the 
surface can be highly controlled through switching, which makes brushes even more 
advantageous to conventional SAM coatings. 
2.2 Synthesis of Polymer Brush Layers 
Chemical attachment of polymer brush layers to a solid substrate is achieved via one 
of two conventional approaches: the "grafting to" approach or the "grafting from" approach. 
The grafting to approach involves pre-formed, end-functionalized polymers reacting with a 
suitable surface under appropriate conditions to form a tethered polymer brush.72,73 In order 
to facilitate the strong chemical attachment, the substrate is modified with a reactive 
precursor acting as a coupling agent (such as a SAM, discussed in Chapter 1) which has one 
end covalently reacting with the metallic or semi-conducting surface, and the other end 
covalently reacts with the end — functionalized polymer.74,7s,76,77 While being less complex 
than the grafting from approach, the grafting to approach is limited by steric constraints and 
kinetic factors. Reactive surface sites are quickly consumed thus slowing diffusion of 
additional long macromolecular chains through the existing polymer film to reach the un-
reacted sites. Moreover, space constraints around potential reactive sites further limit the 
grafting density.7g,72,79 This barrier becomes even greater as the layer thickness increases, 
and the process becomes self-limiting. Therefore, the amount of grafted polymer is usually 
in the range of 2 — 10 mg/m2, although this still should be on the concentration edge to create 
the brush structure.37,4s,46 
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These limitations are understandable, and are shown through Figure 12. It is easy to 
picture that an already adsorbed chain blocks still available grafting sites in its vicinity, 
because tethered polymer chains attempt to maintain its random coil conformation. As the 
grafting density increases, the chains have to increasingly deform to allow increased grafting, 
and this results in a decrease of the rate of grafting kinetics.80 At some point, a limit in the 
reaction is reached where the kinetics are dominated by the balance between the free energies 
of chain stretching, chain —chain interactions, and salvation. 
Figure 12. Visualization of the difficulties in 
achieving thick brush layers with the grafting to 
approach. Incoming chains must diffuse through 
the existing layer. From Ref 80. 
The limitations in the grafting to approach can be overcome in the grafting from 
approach, which has been intensely studied recently. s 1,s2, s3 The grafting from approach starts 
with the application of an immobilized radical initiator attached to the substrate via SAMs, 
followed by surface initiated polymerization to form a tethered layer. In other words, a 
reactive group is created on the surface that is able to initiate the polymerization, and the 
propagating polymer chain is growing tom the surface (Figure 13 ). Using this approach, 
some authors have reported high grafting densities in the range of 15 to 100 mg/m2 and brush 
layer thickness on the order of 100 nm.84,gs,s6 polymerization of all types are possible in the 
grafting from approach, although the best results have been achieved via "normal" and 
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"living" free radical polymerization, and more recently with atom transfer radical 
polymerization (ATRP).38
M 
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Figure 13. Schematic of the grafting from approach. I is the initiation site able to induce 
surface polymerization while M is an arbitrary monomer. From Ref 80. 
Conventional free radical polymerization has shown to be very successful because the 
density of initiator groups on the surface can be easily varied, and functionalized chains can 
easily be prepared.86 In living free radical polymerization, the initiator groups are more 
stable, and the controlled nature of the polymerization limits side chain and branching 
reactions resulting in better polydispersity in the brush.g~ Even better control of molecular 
weight and molecular weight distribution has been achieved using the newly developed 
ATRP method.gg'89 Several other polymerization techniques are known and well reviewed.3g
In general, the main disadvantage of the grafting from approach is that it is a quite 
complicated synthesis involving several steps and requiring the highest purity of all reactants. 
In addition, the synthesis of brushes with this approach cannot be easily controlled.83 Often 
times, unintended polymerization reactions occur, as well as side reactions and chain cross —
linking. Synthesis of polymers cannot be easily controlled and molecular weight 
characteristics and actual experimentally determined physical properties of grafted polymer 
brush layers remain unknown. The preparation of densely grafted, uniform brushes remains 
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a non-trivial task, and it has certainly hindered experimental studies in this area.90 In this 
work, homopolymer and binary polymer brushes were successfully prepared using both the 
grafting to and the grafting from approach. 
2.3 Structure of Homopolymer Brushes 
The intention of this section is to give a brief overview from the literature 
highlighting theoretical and experimental information of homo and binary brush height, 
morphology, and physical properties. 
Previously, it was alluded to that brush layer thicknesses are found using ellipsometry 
and AFM. V'Vhen these experimental results are found, they are compared with the well 
developed scaling laws of polymer brushes that demonstrate how the brush height is 
dependent upon grafting density as a means to verify a brush structure.34,44,4s The equation 
governing this for typical flexible polymer chains in the dry state is follows.s4,91 
h ~ N6 = N(a / D)Z (s~ 
Here, N is the degree of polymerization, 6 is the grafting density, D is the distance between 
grafting points, and a is a constant that is equal to 0.6 for flexible polymer chains used in this 
work. For polymer chains in good solvent conditions, scaling law predicts the following 
equation for the stretched chains: 
h ~ N61 ~ 3 ~7~ 
Finally, the scaling predictions for polymer brush chains in bad solvent conditions follows 
the relation: 
h ~ N6 t$) 
Experimental verification of these laws have been difficult because model systems 
are difficult to prepare as creation of densely grafted brushes remains a serious challenging. 
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Furthermore, very few experimental techniques are capable of directly measuring such 
parameters. Ellipsometry measurements work in the dry state, but are questionable because 
when exposing the brush to solvent, often times the solvent has very similar refractive 
indices and optical constants as the brush layer, thus results are ambiguous. AFM is the only 
way to study these properties at the nanoscale in both the dry state, and under solvent 
conditions, although these are not straight —forward measurements. In a series of AFM 
measurements, Yamamoto et al. have attempted to verify the equations 6 — 8 listed above. 
In the first experiment, they grafted five different brushes with increasing molecular 
weight, and they claimed that the graft density was equal for each brush, and was 
independent of the chain length.92 The results, shown in Figure 14, seem to verify equation 6 
in which the brush height is proportional to the molecular weight. In this work, results also 
show reasonable results of these brushes in fluid, with a deviation of 10% from scaling laws. 
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Figure 14. The relationship between dry thickness Ld and the molecular weight of 
the dry brushes explained in the chart shows linear behavior. From Ref 92. 
In another study, the effect of graft density was observed on the brush thickness in a 
good solvent as an attempt to confirm equation 7.93 Four different PMMA systems were 
examined in toluene with AFM. There results (Figure 15) indicated that the brush height 
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varied with ~n where n = 0.4, and not n = 1 /3, as equation 7 states. The difference is 
attributed to the scaling laws being derived for "moderate density" brushes, and not for the 
"high density" brushes reported in the experiment. Thus, equation 7 cannot be verified with 
this experiment, although only four data points were taken. It has been theoretically 
reported, however, that n can increase with increasing ~ due to higher-order interactions.94
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Figure 15. Plot of brush thickness versus the grafting density for the brushes in the 
chart exposed to a good solvent. Scaling law predicts the slope of 1/3. From Ref 93. 
The structure and morphology of homopolymer brushes has been the subject of a 
large amount of theoretical and simulation studies95, but very limited number of AFM 
studies. Generally, it is found that in good solvents, dense brushes should swell and form a 
smooth homogeneous layer. In bad solvent conditions, when the grafting density is low 
enough, the polymer chains collapse separately into small clusters on the surface.96 If the 
graft density is enough for the brush regime and polymer chains can overlap with each other, 
they collapse in groups due to the constrains of the immovable grafting points, and they form 
larger dimples or clusters.97 This experimentally observed microscale phase segregation is in 
agreement with theoretical predictions.9s,9g For even higher grafting densities, the situation 
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becomes simplified: only a homogeneous layer can be formed.91 Direct view with AFM of 
these regimes have been reported for block copolymer brushes, and polystyrene 
homopolymer brushes (Figure 16). 
4 12 
Figure 16. Morphology of homopolymer brushes in a bad solvent as a function of 
grafting density. At the highest density, a homogeneous layer (HL) forms under bad 
solvent. From Ref 97. 
2.4 Structure of Binary Polymer Brushes 
A limited number of theoretical studies have been contrived regarding the phase 
diagrams and predictions of chain organization in a binary polymer brush film. Based on 
self-consistent field (SCF) theory, it was proposed that the grafting of two incompatible 
polymers at high densities produced either a "layered profile", or a "ripple profile" under 
melt conditions (Figure 17).99 The layered profile describes a vertically segregated system 
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where only one of the components is found at the top, and the other at the polymer/inorganic 
interface. While it is known that sufficiently random, irreversible grafting of incompatible 
polymers prevents lateral macrophase separation, the ripple profile describes a system in 
which the two components are laterally segregated, with the dimensions of the lateral 
structures on the order of the free radius of the chains.99
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Figure 17. Proposed phase diagrams of the possible organization of chains in a binary 
polymer brush. In the study, a polymer melt system composed of an ACB triblock 
model in which C is very short and is covalently grafted to the surface (which isn't 
exactly a binary brush, but close), and A and B are identical in molecular weight and 
all other aspects such that ~A = ~B = %2. If the grafted chains could wander 
independently on the surface, there would be a conventional bulk phase separation. 
However, if the ends are confined, this cannot occur and any phase separation must 
occur at shorter length scales. The Y scale is arbitrary. From Ref 99. 
Under these calculations, it was found that the more likely transition would be to the 
"rippled" state because it was found that AB interactions are energetically favored over the 
case where some B chains will be submerged under A tails (or vice versa). 
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Additionally, Soga et al. have also shown that under various solvent conditions, 
microphase separation (ripple profile) dominates in a brush of two incompatible species, 
although the interaction of solvent is considered as equal fog both species, i.e. non —selective 
solvents (Figure 18).l0o The layering profile has been predicted in some cases as described 
by Brown et al. l o l 
1= N x 1
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Figure 18. The diagrams at left describe a system where wab = 0 (no immiscibility, 
polymers are indistinguishable), w2 = 0.5 (good solvent for both). At right, the system is 
one where wab = 1.5 (immiscible blend), w2 = 0.5 (good solvent for both). The simulation 
yielding configurations showing unmistakable lateral microphase separation agrees with 
the previous result by Marko et al. Strong immiscibility is expected for large wab, and 
this clearly shows lateral phase segregation, resulting in the microphase-separated 
domains rich in either A or B type monomers. Note that the side view gives no 
indication of layering in the vertical direction. From Ref 100. 
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More recently, a new phase diagram has been proposed for a binary polymer brush.lo2
In this work, the calculations were limited to solvents of good quality, and it was found that 
in systems with very high polymer incompatibilities, anever before seen "dimple phase" is 
thermodynamically stable. When the solvent quality is decreased for species A, this species 
collapses and forms round A clusters that supposedly arrange in a hexagonal lattice.102 This 
means that in addition to the ripple phase, the calculations for a binary brush of symmetrical 
composition surprisingly find a new dimple phase. Additionally, contour plots of the 
composition at small and large solvent selectivity have been produced, and for the first time, 
a morphology is predicted that combines both lateral segregation and a pronounced 
perpendicular (layering) segregation (Figure 19).103 Up until these most recent studies, 
which were published just last year, very little theoretical or experimental work has been 
devoted to characterizing the structure and morphology of binary polymer brushes in 
selective solvents. 
2 
parallel to substrate x/R 
Figure 19. Contour model for theoretical calculation for a binary polymer brush 
exposed to a selective solvent. In this case, the solvent is good for component B, while 
bad for A. The model suggests a combination of the ripple phase and layering phase 
with the never before seen dimple phase (A) of A clustered near the substrate. From 
Ref 103. 
In fact, in terms of experimental work, the first published study showing proof of 
binary brushes and the switching of their surfaces was published in 1999.46 Still, in this 
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work, no direct AFM observation was shown, as the switching model was based upon xPS 
and contact angle results. Finally, two years after this work, Minko et al. produced AFM 
evidence of the switching in binary polymer brush suxfaces. l 04, i os However, the 
amplification of switching was relatively small as surface roughness difference between the 
two states was almost negligible at 1 nm. Furthermore, it is still unclear if complete 
switching is occurring. 
To summarize, the structure of homopolymer brushes has been examined fairly well 
in terms of theoretical work. However, real brush systems with high grafting density have 
proven to be a challenge to synthesize, and thus experimental characterization of dense 
homopolymer brushes is lacking. For binary brush systems, reversible switching with large 
differences between states has yet to be achieved. Furthermore, the nanoscale properties of 
these layers have not been probed, and the re —ordering of the chains upon exposure to 
different solvents has not been conclusively identified with AFM. 
In this work, we aim to create dense homopolymer brushes using glassy and rubbery 
polymers, and give insight into their morphology at the nanoscale using AFM. Next, binary 
brush layers will be constructed that show huge differences, mechanically and 
morphologically, between reversibly switchable states, and direct conclusive evidence of this 
will be given. Furthermore, to this date, the nanoscale properties of homo or binary brushes, 
such as elastic, thermal, adhesive, and frictional properties, have not been determined. The 
task is undertaken here to elucidate this information. 
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CHAPTER 3 
Experimental Procedures 
3.1 General Considerations 
All samples were fabricated on bare silicon wafers. Highly polished single-crystal 
silicon wafers of { 100} orientation (PureSilicon, Inc.) were cut in pieces of approximately 
1.5 by 2 cm before modification. Any surface modification and preparation consists of four 
general stages: (1) oven-dried glassware preparation; (2) ultrasonic bath and piranha 
treatment; (3) SAM formation; and (4) polymer layer formation. 
3.1.2 Uven-Dried Glassware Preparation 
For synthesizing nanoscale thick polymer layers, the utmost and extensive care in 
procedure must be taken to assure the elimination of all contaminants. All glassware was 
first cleaned by glassware soap detergent and rinsed with water. Chromic sulfuric acid 
solution was prepared by a mixing ratio of 1:10 of potassium dichromate with highly 
concentrated sulfuric acid. The glassware was submerged in Chromic sulfuric acid solution 
for roughly 1 hour, rinsed with water, and additionally rinsed with high purity water (18 
Ms2cm, Nanopure). Then, the clean glassware was dried at 100° C in an oven. 
3.1.3 Ultrasonic Bath and Piranha Treatment 
The substrates were first placed in nanopure water and cleaned in an ultrasonic bath 
for 10 minutes, and placed in a hot piranha solution. Piranha solution was prepared by the 
mixing of 3 0% H2O2 (3 0% concentrated solution in water) added slowly with 70% 
concentrated sulfuric acid (97%). The substrates were placed in the 90°Cheated piranha 
solution for roughly 1 hour. Then, the substrates were removed from the solution and rinsed 
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six times with nanopure water. After that, the substrates were quickly dried under a stream 
of dry nitrogen, placed into 15 ml vials, filled with nitrogen, firmly closed with Teflon caps, 
and then immediately taken into the nitrogen-filled glove box with controlled humidity. 
3.2 PS/PBA Grafting To System 
Two separate systems were synthesized in this work, with different chemistry, 
molecular weights, and grafting approach. The first system is homopolymer brushes of 
polystyrene (PS) and poly butylacrylate (PBA), and the PS/PBA binary brush. These brushes 
have relatively low molecular weights, and were synthesized via the grafting to approach. 
The general steps in this approach were the attachment of the SAM on the surface followed 
by the addition of the polymer layer. 
The second system is homopolymer brushes of poly(styrene-co-2,3,4.5.6-
pentafluorostyrene) (PSF) and polymethylacrylate (PMA), and the PSF/PMA binary brush. 
These brushes have relatively high molecular weights, and were synthesized via the grafting 
from method. The general steps in this approach were the attachment of the SA,M and the 
initiator, followed by polymerization from the surface. All materials used for both systems 
are listed in Table 2. 
3.2.2 Materials 
An epoxysilane compound, (3 -glycidoxypropyl) trimethoxysilane (Table 1), was 
purchased from Gelest Inc. ACS grade toluene and ethanol were obtained from Aldrich and 
were used as received. The epoxysilane solution in toluene of different concentration (from 
0.1 — 1.0 volume %) was prepared using oven —dried glassware in a nitrogen —purged glove 
box with controlled humidity less than 2%, because the epoxysilane is very moisture 
sensitive. Typically, for 10 substrate modifications, 50 ml of 1 % solution was prepared by 
mixing 0.5 ml epoxysilane with 5 0 ml of toluene. After the solution preparation, the clean 
substrates were immersed in the solution for different periods of deposition time (from 1 
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minute to 24 hours) as illustrated in Figure 20. After the deposition was completed, the 
modified substrates were removed from the solution, and rinsed four times with toluene. 
Additionally, the substrates were placed in toluene in the ultrasonic bath for 10 minutes. The 
SAMs formed were dried under a stream of dry nitrogen inside a cleanroom 100 facility. 
After preparation, samples were stored in desiccators to prevent moisture of air which can 
lead to contamination and undesirable surface reations. 
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Figure 20. Self —assembly mechanism onto the silicon wafer. 
3.2.3 PS and PBA Homopolymer Brush Formation 
The next step is to prepare homopolymer brushes of PS and PBA. Carboxyl-
terminated P S (Mn = 4, 5 00, 16, 5 00, and 2 8, 5 00 g/mol) and carboxyl-terminated PBA (Mn = 
6,500 g/mol) are obtained from Polymer Source, Inc. All samples possessed a relatively 
narrow molecular weight distribution with poly dispersity index (MW/Mn) in the range of 1.05 
— 1.4. The PS and PBA films were spin coated from a 1 %wt toluene solution onto the 
wafers covered with the epoxysilane SAM. The thickness of the PS film measured by 
ellipsometry after spin coating was ranged from 25 — 30 nm depending upon molecular 
weight. Thickness of PBA films was 3 0 nm. The coated wafers were annealed for 18 h in a 
vacuum oven at 15 0 ° C to enable the functional groups to graft to the substrate. The 
macromolecules that were left un-grafted were removed by multiple washings with toluene 
along with additional washing in an ultrasonic bath. 
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The spin coated P S and PBA wafers are placed in a vacuum oven at 15 0 ° C to enable 
the end groups to graft to the epoxy-terminated groups of the SAM. The mechanism of the 
reaction between the anhydride group and the epoxy group is also quite well understoodo106
It is caused by the reaction of impurities with the second component. Hydroxy impurities 
react with the anhydride of a dicarboxylic acid monoester. The resulting free carboxylic 
group reacts with an epoxy group of an ester, creating a new hydroxy group, which can react 
again with an anhydride. In this manner, the reaction continues.106 For carboxyl-terminated 
P S and PBA, we expect to avoid the multiple anchorings because all chains are mono-
functional (Figure 21). In addition, at the given grafting conditions, PS and PBA m®nomeric 
units are incapable of reacting with SAMs. 
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Figure 21. ~"op: structural diagram of the resulting homopolymer brush grafted to 
the epoxy —terminated SAM. Bottom: Actual chemistry of the process. 
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Table 2. List of materials, and their respective chemical formulas, and molecular 
weights, that are studied in this research. 
Materials Chemical Formula Mn (g/mol) 
Epoxysilane 
CgHZpOgSI 236 
PS-COOH 
H2C-CH 
- n 
4,500 
16,900 
28,500 
4,700 
9,700 
PBA-COOH 
H 
—C 
6,500 
H 2 C 
C =0 
- ~ - 
H 3 C —C -CH 
CH 3
n
3
PSF 
--C~ 
F 
~ 
C C~ 
` 
~' 
i 
/\ 
CH-C~ 
F 
F
/~. 
CH-C~ 
~ 
`~ 
C CZ C~ - 
n 629,000 
372,000 
PMA 
~H2 H~ 
556,000 K 
505,000 K 
C-- n 
I 
C O 
p 
CH3 
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3.2.4 PS/PBA Binary Brush Formation 
To prepare the composite brush, two different fabrication methods were utilized. The 
first way is a continuation from the above process. The carboxyl-terminated PS was spin 
coated onto a SAM functionalized wafer and the un-grafted chains were removed with 
toluene rinsing. Then, the second polymer, PBA-COON, was spin coated on the top of this 
film with the idea being it will graft to epoxysilane SAM molecules that were left un-grafted 
after the PS-COON coating. This was followed by the same annealing procedure and 
subsequent toluene rinsing to remove all un-grafted polymer chains. The second way that 
was explored was to prepare a mixture of PBA-COON and PS-COON 1 wt% in toluene, and 
spincoat this solution onto the epoxysilane functionalized Si wafer, followed by annealing 
and removal of un-grafted chains. Several iterations for the synthesis of this binary system 
were attempted, and will be discussed in greater detail in Chapter 4. 
3.3 PSF/PMA Homo and Binary Brush Formation 
3.3.2 Materials 
Monomers: Styrene (S, Aldrich), 2,3,4,5,6-pentafluorostyrene (FS, Fluka), and 
methylacrylate (MA, Aldrich) were purified with an aluminum oxide type 507C, neutral, 
100-125 mesh (Fluka) chromatographic column. Solvents of analytical grade toluene, 
tetrahydrofurane (THF), and hexane were distilled after drying with sodium. 
Dichloromethane was dried over molecular sieves overnight, and methanol and ethanol were 
used as received. 
Initiators: 4,4'-azobis(4-cyanopentanoic acid) (ABCPA, Aldrich) and 4,4'-
azobis(isobutyronitrile) (AIBN, Fluka) were purified by recrystallization from methanol. All 
reagents were used immediately after purification. Water was cleaned with Milli-Q®
ultrapure purification system, S2> 18.0 MOhm x cm. Silicon wafers (Wacker-Chemitronics 
GmbH, Burghausen, Germany) were cleaned with dichloromethane, then in an ultrasonic 
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bath mixture of NH3 (25%), H2O2 (30%), and water in ratio 1:1:10 at 60° C, and rinsed 
several times with water. 3-glycidoxypropyl-trimethoxysilane (GPS, Aldrich), 
ethylenediamine (ACROS Organics), and phosphorus pentachloride (Merck) were used as 
received. Triethylamine (Riedel-deHaen) was dried on calcium hydride. 
3.3.3 Introduction of Azo-initiator 
Silicon wafers were treated under Ar atmosphere by 1 % GPS in dry toluene for 16 h 
and afterwards washed two times with dry toluene under Ar, and 3 times with ethanol in 
ultrasonic bath. In the second step, the Si-wafers were treated with 2% ethylenediamine in 
ethanol for 1 h, and washed 3 times with ethanol. Separately, a chloroanhydride derivative of 
ABCPA (Cl-ABCPA) was prepared. A suspension of 5 grams of ABCPA in 50 ml CHC13
and a slurry of 40 g PC15 in 100 ml CHC13 were mixed at 0°C under Ar atmosphere. The 
mixture was stirred overnight under Ar atmosphere while it warmed up to room temperature. 
CH2C12 was evaporated out under reduced pressure to precipitate the major part of the 
dissolved PC15. The yellow solid of PC15 was filtered off. C1-ABCPA was precipitated at 
0°C as a white powder in 3 00 ml of dry cold hexane, filtered and washed with dry cold 
hexane, and dried in vacuum, giving 84% yield. In the next step, Cl-ABCPA was introduced 
on the surface of the Si-wafers from 1 %solution in dichloromethane with a catalytic amount 
of triethylamine at room temperature under Ar atmosphere for 2 h. The resulting samples of 
Si-wafers with chemically attached initiating groups were rinsed with dichloromethane under 
Ar and then with ethanol in an ultrasonic bath. Every step of the modification of the Si-
wafers was controlled by ellipsometry measurement of the layer thickness. 
3.3.4 Graft Polymerization 
We grafted PMA at the first polymerization step, and then PSF at the second step 
using the residual amount of the azo-initiator on the Si substrates (Figure 22). Oxygen was 
removed from the monomer solution (l~'IA in toluene, 5 mol/L, or a mixture of S and FS in 
ratio 4:1 wt. in THF, 5 mol/L, and AIBN, 4.4x 10~ mol/L) using five freeze-pump-thaw-
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cycles. The Si-wafers with the chemically attached azo-initiator were placed into a reactor 
with the monomer solution under Ar atmosphere. The reactor was immersed in a water bath 
(60 ± 0.1°C) for 12 h. The Si-wafers were rinsed several times with toluene. The non-
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Figure 22. Scheme of the two-step synthesis of PMA (black chains) and PSF (grey 
chains) from the silicon substrate using the azo-initiator. 
grafted polymer was removed by cold Soxhlet extraction in THE for 1 h. The same procedure 
was used to graft the second polymer. The non-grafted amount of the second polymer was 
removed by a hot Soxhlet extraction in THE for 12 hours. Grafted amount of the polymers 
was controlled after each polymerization step with ellipsometry. 
3.3.5 Switching of the Binary Polymer Brushes With Solvents 
A sample was immersed in the selective solvent (toluene or acetone) for 5 min and 
than rapidly dried under a nitrogen flux. Water contact angle measurements were conducted 
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with the sessile drop method using nanopure on a custom made system. Droplets of roughly 5 
µL of Nanopure water were placed on the surface and the contact angle was measured in less 
than a minute using microscrope equipped with a digital camera. The shape and angle of the 
drop were analyzed with software. Contact angle measurements showed that the time of 
switching of the binary brush was usually in the range of several minutes. 
3.3.6 Characterization of the Brush Layers 
The amount of the chemisorbed initiator and the grafted amount of polymers was 
measured with ellipsometry. Film thickness was measured using a COMPEL Automatic 
Ellipsometer (InOm Tech, Inc.) at 70° angle of incidence with the values of refracive indices 
determined for the thick films according to the known procedure.76 For data interpretation, a 
multilayer model of the grafted films was used as it was described elsewhere.46 For 
calculations, we used the following values of the refractive indices: for the epoxy-terminated 
SAM n=1.429 and for the SAM and attached azo-initiator effective value of n=1.5 5.41 For 
the relatively thick polymer layers (thicker than 3 0 nm) the refractive indices were obtained 
directly from the ellipsometric experiments. 
The molecular weight of the grafted polymers was evaluated with GPC plots 
completed on a Breeze 1500 instrument (Waters) using polystyrenes as calibration standards 
assuming that the polymers in the bulk have the same molecular weight as the polymers 
grafted to the substrate. There are contradictional reports in literature concerning this 
assumption. The kinetics scheme suggests almost the same molecular weight for grafted 
chains and chains in the bulk 82, but in some experiments an increased molecular weight and 
larger polydispersity index for the grafted polymer as compared to the bulk polymer was 
documented due to the Trommsdorff effect.gl'84 The composition of the random copolymer 
poly(styrene-co-2,3,4,5,6-pentafluorostyrene) (P(S-co-FS)) was calculated from 1H NMR 
spectra and for all samples it was S:FS=75(±2):25(±2). 
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3.4 Experimental Methods 
3.4.1 Contact Angle Measurement 
One of the most sensitive methods that provides information on the outermost 
polymer surface (top molecular layer) is the contact angle technique (Figure 23). The 
measurement supplies the properties characteristic Of polymer surfaces such as wettability, 
roughness, heterogeneity, composition, relative surface energy, and surface mobility.1 °7 It is 
a relatively simple, inexpensive, and popular technique for characterizing surfaces. There are 
two types of the contact angle; static and dynamic. A static angle, which is determined by 
the equilibrium of interfacial tension, is formed at a stationary liquid front. A dynamic 
contact angle, which is determined by the balance Of the interfacial driving force and the 
viscous retarding force, is formed at a moving liquid front. Hence dynamic contact angles 
are rate-dependent. Static contact angle was used in this project and can be analyzed in the 
terms of "apparent" surface coverage Or the fraction Of silicon surface screened by a film, ~3. 
The Lassie equation assumes a simple "two-phase'° model of surface structure and provides 
the relationship.1 os 
cos (em) _ (3 cos (6~) + (1- (3> cos (esJ (sl 
Where 8m is measured contact angle, 8L is contact angle for a complete layer, and ®S; is 
contact angle Of bare silicon. 
Figure 23. Picture depicting how the contact angle is captured and measured on a 
silicon surface. 
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In this work, film surfaces are examined by static contact angle (sessile droplet) 
measurements using acustom-designed optical microscopic system. Droplets (1.5 - 2µl) of 
Nanopure water droplets are placed randomly over the surface. Contact angles were 
determined within one minute after droplet deposition. All reported values were an average 
of at least six measurements. The shape of the drop is observed with a microscope equipped 
with a digital camera (Figure 24), and the contact angle was measured using image analysis 
software. 
~~nt~~t~ngl~ ~t~~~ 
Figure 24. PThe contact angle setup. 
3.4.2 Ellipsometry 
Ellipsometry (COMPEL Automatic Ellipsometer from InOm Tech, Inc.) was used to 
measure the dry thickness of polymer brush layers. Ellipsometry is anon-destructive optical 
technique, which deals with the measurement and interpretation of changes of the 
polarization state of polarized light undergoing oblique reflection from a sample surface. 
The quantities measured by an ellipsometer are ellipsometric angles LI' and 0 which are 
related to the complex ratio of the Fresnel reflection coefficients Rp and RS for light polarized 
parallel (p) and perpendicular (s) to the plane of incidence such as 
p = Rp / RS =tan ̀ I' exp(i O) (10) 
The complex reflectance ratio p is completely determined by an amplitude (tan `I') 
and a phase 0 and characterizes the differential changes in amplitude and phase. These 
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changes are related to a transformation of a shape and orientation of the ellipse of 
polarization, respectively. 
Figure 25 illustrates the schematic diagram of ellipsometry and sample structure 
model. In order to deduce unknown parameters of a sample under investigation, a model for 
the sample structure is first constructed with initial estimates of the parameters. These 
parameters (e.g. thickness and refractive index) are then varied to generate a set of calculated 
~ eXp and DeXp. The initial parameters of the model parameters are transformed finally into 
true parameters of the sample, such as thickness and optical constants. 
In this project, the film thickness was determined by ellipsometry with an angle of 
incidence of 700. 7'he silicon oxide thickness was measured for each silicon wafer after the 
piranha solution treatment and before film deposition. The thickness of the silicon oxide layer 
was determined to be within 0. ~ - 1.2 nm for different wafers. The index of refraction of the 
epoxysilane monolayer and silicon oxide was considered to be equal to the "bulk" value of 
1.46109 and 1.429110 respectively. The refractive index for SEBS was estimated via additive 
molar contributions.111 All reported thickness values were averaged over six measurements 
from different areas of the substrate. 
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3.4.3 Differential Scanning Calorimetry 
Mechanical properties of a polymer can be directly correlated to the thermal behavior 
of a polymer, especially the glass transition temperature (Tg). In the present study, micro 
thermo —elastic properties of polymer brush layers will be measured and compared to bulk 
values as a means to identify how polymer chains in the brush conformation compare to 
chains in the typical, random coil conformation. The bulk values of relatively large amounts 
will be measured using a Perkin Elmer Pyris D S C 1. Typical sample sizes and heating rates 
will be on the order of 1 — 10 mg, and 10°C/min, respectively. A liquid nitrogen cell was 
added to the D S C setup to start the runs at - 3 5 °C . 
3.4.4 Microtribometer 
A home built oscillating friction and wear tester (microtribometer) is used to 
characterize the frictional characteristics of the polymer layers (Figure 26). The 3 mm 
diameter stainless steel ball with a smooth surface (microroughness less than 10 nm) is 
mounted in a carrier head and oscillated against a stationary planar specimen with an applied 
load of 0.3 N and 0.9 N, which correspond to the Hertzian pressure of 300 MPa and 900 
MPa, respectively. Sliding speed is 4 mm/sec with a stroke length of 3 mm. 
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3.4.5 Scanning Thermal Microscopy (SThM) 
The ability of SThM to probe with a submicron resolution has been demonstrated for 
polymer composites as well as for semiconductor and metal surfaces by several groups.112,113
SThM is used with microthermal analysis (µTA), which is analogous to macro DSC and 
TMA techniques, but on a microscale, to test the surface thermal properties of polymer brush 
layers. Equations and models have been developed which allow this technique to be 
applicable to polymeric surfaces.114,11 s SThM is interfaced with a TopoMetrix Explorer 
microscope (Thermomicroscopes), and is based on AFM principles of the optical detection 
scheme of laser deflection (Figure 27). However, instead of amicro-fabricated cantilever, a 
thermal probe is attached to the bottom of the scanner. The thermal probe is a Wollaston 
microwire (90% Pt, 10% Rd) that forms a sensing loop with radius of curvature of about 5 
µm, and resistance of 2.8 — 3.5 ohms. Parameters that can be quantified in this technique are 
the glass transition temperature (Tg) and the surface thermal conductivity. Thermal probes 
are calibrated with a PET sample of well known melting point before use. 
Figure 27. The setup for SThM. The power signal is controlled via a voltage 
feedback control while the position and deflection signal is controlled with a normal 
optical deflection scheme, as in AFM. The only difference is the integrated thermal 
probe (right) in place of the AFM cantilever. 
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The following experimental procedure was used for SThM. 
1. Selection of twin probes 
In the µTA measurement, two thermal probes are used. Both probes should have 
similar thermal properties and electric properties to obtain best results. In µDSc 
measurement, the difference of heat dissipation between sample probe and reference probe is 
measured, thus a similar couple of probes is very important. The resistance of a probe is 
within 1-3 SZ. 
2. Position determination 
Anywhere on the screen can be chosen as a measurement point for µTA. Before 
measurement, the surface is scanned using conductivity contrast to find a location for the 
localized measurement. 
3. Measure the baseline 
Measuring the baseline is one of the most important processes for the µDSc. During 
the baseline measurement, the difference of heat dissipation between the sample probe and 
reference probe is monitored as a function of temperature. When taking the baseline, both of 
the probes should be in air and the temperature range should start below room temperature 
such, as 0 °C, to a final temperature such as beyond the glass transition temperature, or 
melting temperature of the polymer layer. Thermal feedback loop begins to work above 
room temperature. Usually baselines show a linear curve with the "kick-in" phenomenon 
since there are some differences of properties between two probes such as thermal 
conductivity and mechanical properties. Once the curve (baseline) is obtained, it will always 
be used to subtract from the original data. 
4. Temperature Calibration 
To calibrate the probe temperature, a polymeric sample in which the transition 
temperature and melting temperature are known, such as polyethylene terephthalate 
(Tm=260°C) is probed in µTA mode (Figure 28). Including the kick in at room temperature, 
these points are used for temperature calibration of the thermal probe. Since these 
49 
temperatures are already known, if the expected temperature deviates from the measured 
temperature at these points, the system is corrected and re-calibrated. 
®nce all of these conditions are met, µTA can be done on the surface. 
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Figure 28. Example thermogram from SThM for the calibration of the PET sample. 
Dashed signal is the sensor (µTMA) while the solid line is the power signal (µDSc). 
3.4.6 Atomic Force Microscopy 
Determining the morphology, nanotribological, and nanomechanical properties of the 
polymer brush surfaces with nanometer resolution will be done using both the Dimension 
3 00o and the Multimode microscopes (Digital Instruments, Inc., Santa Barbara) (Figure 29). 
The heart of the AFM is a cantilever with amicro-fabricated tip that deflects a focused laser 
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when interacting with the sample surface. This deflection is detected by optical methods 
onto a photodiode position sensor that can translate both normal and lateral deflection signal. 
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Figure 29. The Dimension 3000 
AFM (center, left picture) with 
controller and other hardware. 
At right is a labeled drawing of 
the multimode AFM, which is 
about 12 inches tall 
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A feedback loop is maintained by a controller that regulates, collects, and processes 
the data (signal), and drives (or adjusts) the scanner according to pre-set conditions (Figure 
30). The feedback loop maintains a constant force on the sample by adjusting the height of 
the cantilever to compensate for topographical features. The result is athree-dimensional 
map of the sample surface with nanometer resolution allowing for quantitative analysis of the 
surface roughness.116 There are two basic modes of operation with the AFM: contact mode 
and tapping mode. 
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In contact mode AFM, the tip is dragged across the surface with constant velocity and 
normal load, always remaining in intimate contact. As the tip is scanned across the features, 
it encounters hills and valleys that will vertically deflect the cantilever up and down. The 
,~-I ~ ~:~~'~tirtiti~~I 1~~~11~9~tic~~n~ E~~f~~`~t~~~I 
~~~~It:x~t, l.~a~~~r E ~;~~lt~ 
x l ~`iilt 
'~'4~t~1~lUtt`I' 
t 
~il~ i w<:~ » r~ l~~ 
z ~~~~c~ 
~t;~tllll~'C 
Figure 30. Left: The feedback loop of the AFM with the optical detection scheme. 
Inset is an SEM image of an AFM cantilever (backside and tip) and a schematic 
demonstrating how the laser is deflected off the backside of the cantilever onto the 
photodiode detector. 
feedback system attempts to maintain a constant level of cantilever deflection, and this 
difference gives rise to features in the image (Figure 31). The horizontal deflection in 
contact mode is used to monitor the friction signal in lateral force microscopy (LFM). 
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Figure A ~"~~u~e B 
Figure 31. Contact AFM Concept. (a) The tip 
scans a flat position, maintaining the laser 
beam at the center of the photodiode array. (b) 
As the tip encounters a raised feature, the 
cantilever is pushed up, deflecting the laser 
beam upward. (c) The Z piezo retacts, the 
cantilever recenters the laser beam onto the 
photodiode array. (d) Tip encounters a decline 
in the sample topology, the cantilever is pushed 
down, deflecting the laser beam downward. (e) 
The tip is pushed down until the laser beam re-
centers on the photodiode array (A=B). 
Contact mode allows for mapping of the surface features with high precision, and 
atomic scale resolution can be easily achieved. However, since the tip is dragged across the 
surface, even at very light loads, damage is inflicted upon soft polymer surfaces and the tip 
also becomes contaminated. Thus, contact mode is rarely used for imaging of polymer 
surfaces9 unless in fluid conditions where forces are minimized. 
Tapping mode AFM allows for the high resolution imaging of soft polymeric and 
biological samples without damage to tip or sample since contact with the surface is 
minimized. This is achieved by using specially designed probes that oscillate above the 
surface at their resonant frequencies of 100 — 5 00 kHz. The oscillating tip is then moved 
toward the surface until it begins to lightly touch, or "tap" the surface. During scanning, the 
vertically oscillating tip alternately contacts the surface and lifts off, generally at a frequency 
of 100,000 to 500,000 cycles per second. As the oscillating cantilever begins to 
intermittently contact the surface, the cantilever oscillation is necessarily reduced (Figure 32) 
due to energy loss caused by the tip contacting the surface. The reduction in oscillation 
53 
amplitude is used to identify and measure surface features. During tapping mode operation, 
the feedback loop attempts to keep the cantileve~~ oscillation amplitude constant by adjusting 
the tip height to achieve the pre-set amplitude. This amplitude setpoint is adjusted before the 
scan by the user. 
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Figure 32. Tapping mode cantilever oscillation in free air (top) and near the surface 
(bottom). 
Another imaging mode is possible with tapping mode AFM due to the fact that the 
phase angle with respect to the cantilever amplitude can change based on interactions with 
the sample. Although tip-sample interaction is very brief in tapping mode, energy is still 
dissipated into the sample. Since different materials will dissipate energy differently, phase 
imaging is used to map out different phases in a sample surface.117 Major factors 
contributing to the phase contrast are adhesion, stiffness, and viscoelasticity. The 
interpretation of phase images depends upon the amplitude setpoint, and is quite 
complicted.11 s Further discussion will be given in chapter 6. 
A major advantage of AFM is that scanning can be conducted in the ambient, under 
vacuum, and in a fluid environment. In this work, scanning was done both in ambient and 
fluid conditions (for scanning in fluid, contact AFM was used). Scanning in fluid gives the 
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advantage of imaging polymer brush layers in their native state while exposed to organic 
solvents of different quality. Scanning in fluid minimizes forces exerted on the sample by 
the tip, as well as eliminating capillary and adhesion forces at the tip/sample joint. However, 
this is not an easy scanning method, and several steps must be followed for quality images to 
be obtained. In this work, fluid scanning was only done with the Dimension 3000 AFM. 
• The tip is inserted into the clean fluid holder and the sample is securely mounted. 
Double scotch tape can be used to hold the sample if it is assured that no solvent will 
come in contact with it. In some cases, since small samples were used, the sample 
had to be clamped down due to solvent spilling over the sides of the sample and 
underneath it, thus dissolving the scotch tape. All surfaces should be clean since even 
small contamination will dramatically affect results. The fluid holder should be 
cleaned with detergent as organic solvents will destroy it. The AFM tip should be 
immersed beforehand into the pure solvent that scanning will be conducted in. 
• After the laser is focused on the cantilever, the surface should be brought into focus. 
The position of the AFM head should be noted at this point because upon adding the 
fluid, the surface cannot be seen anymore. 
• The tip is carefully lowered to a height of about 1 mm above the surface, and at this 
point, the fluid is added my using a micro pipette. Usually, about 20 — 40 µL of fluid 
should be adequate. when adding the fluid, care should be taken not to hit the sample 
or the tip holder with the end of the pipette. The fluid is held in place between the tip 
and the sample due to the capillary forces creating a meniscus between the two 
(Figure 33.) 
• The photodiode will need to be readjusted after adding the fluid as the organic solvent 
changes the reflected path of the laser. After this, return the AFM head to the 
position noted in which the sample was in focus, and engage. 
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Figure 33. The liquid meniscus between tip and sample in contact mode AFM in fluid. 
From :Ref. 116. 
Previously, it was stated that thickness measurement of polymer layers can me 
executed with ellipsometry or AFM. The ellipsometry approach was described above. For 
thickness evaluation from AFM data, a "scratch" test is used. Scratches were produced with a 
sharp steel needle at different loads or by scanning multiple times with a stiff tip at high 
normal loads (several µN) in the contact mode. A 1 x 1µm area of the surface is scanned in 
contact mode to remove the polymer layer, then a zoomed out tapping mode is executed and 
section analysis is done on this image to extract the thickness of the layer (Figure 34). This 
approach is used frequently for AFM scanning of organic and polymeric layers, and produces 
reasonable results comparable with ellipsometry. i 19
Force Volume is another capability of AFM and will be used significantly in this 
research to map the nanomechanical properties of the sample. A subdivision of contact mode 
AFM commonly denoted as Scanning Force Microscopy (SFM), it has been shown to be a 
valuable tool for quantifying adhesion and elastic properties of heterogeneous surfaces of 
polymer layers on the nanoscale.12o, 121 This mode utilizes the force distance curve (FDC) 
(Figure 35) of the SFM.122 A single FDC records the forces felt by the tip as it approaches to 
and retracts from a point on the sample surface. SFM allows a 16 x 16, a 32 x 32, or a 64 x 
64 array of FDCs at unique XY coordinates over apre-set sample area (Figure 36). Thus, it 
essentially is a series of nano-indentations into the polymer layer. This allows for mapping 
of the mechanical properties (adhesion, elastic modulus) of polymer surfaces with nanometer 
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Figure 34. Cross-sectional analysis of an AFM "scratch test". 
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Figure 35: Components of an FDC. During segment (a), the tip approaches the 
surface; segment (b) is the jump to contact on the surface; during segment (c), the 
upward deflection of the tip is occurring from pressing on the surface; withdrawal of 
the tip takes place durilig (d). If both (c) and (d) are not straight, plastic and elastic 
deformation behavior c;~.n be arrived at. Finally, at segment (f~, the tip snaps out of 
contact with the surface when the restoring forces of the cantilever exceed the 
adhesion between tip and sample. Note: in AFM the red curve is commonly referred 
to as the approaching cycle, while the blue curve is the retracting cycle. 
Figure 36. Force volume 
imaging can be regarded as 
simply obtaining a distribution 
of force distance curves. 
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scale resolution, while obtaining topographical information simultaneously. The applied 
normal load and speed of the nano —indentations are critical parameters to control in force 
volume. SFM will be done at ambient and elevated temperature using a Digital Instruments 
thermal stage. The elevated temperature range was up to 120°C. A problem that was 
encountered with force volume at high temperatures was sample stability. Originally, the 
brush layer was secured with double scotch tape, which lost resistance at the higher 
temperature resulting in sample movement and erroneous force volume data. Thus, the 
sample was tied down with Teflon tape over the heating element of the thermal stage. This 
practice alleviated the sample movement problem. Force volume also took place in fluid of 
which will be either a good or a bad solvent for the brush sample of interest. 
Data collected were processed using a micromechanical analysis (MMA) software 
package developed in our lab which provides means for calculation of localized elastic 
modulus, depth profiling of the elastic modulus, reduced adhesive forces, and surface 
histograms of elastic moduli and adhesive forces from experimental images as described 
elsewhere.123 The MMA utilized Hertzian, JKR, and Sneddon models of solid contacting 
bodies to derive this data. For absolute quantitative results of the adhesion and elastic 
modulus from force volume data, the normal spring constant of the tip as well as the radius 
had to be known with high precision, which is an extremely cumbersome task. Spring 
constants of cantilevers were determined from the resonant frequencies and the tip-on-tip 
method according to the procedures described earlier.124, 125 Tip radii were evaluated with 
scanning of reference gold nanoparticle specimens in combination with a deconvolution 
procedure.126,12~ All force volume data was collected on the Dimension 3 000. 
It should be noted that tips used in AFM are made of either silicon or silicon nitride. 
For contact mode and imaging in fluid, tips should be very soft with spring constant less than 
0.5 N/m. Fluid imaging tips are usually gold coated for high reflectivity to assure the signal 
of the laser of the photodiode is large enough. Force volume tip selection is a very critical 
and the stiffness of the tip used depends upon the expected mechanical response of the 
surface (this will be described later in Chapter 6 with the results on force volume of binary 
brushes). In general tips for MMA had radius of 15 — 60 nm, and spring constants ranging 
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from 0.5 to 10 N/m. Tapping mode AFM tips had spring constants ranging from 20 — SO 
N/m. Typical tapping mode scans are 1 x 1µm to 5 0 x 5 0 µm with scan rates of 0.8 — 3 Hz 
and data are. The image is put together with either 256 x 256 or 512 x 512 pixel points. For 
high resolution tapping mode image, 900 x 900 nm to 100 x 100 nm scans were taken at 512 
x 512 pixel resolution, with scan rates of 0. S — 1.0 Hz. 
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CHAPTER 4 
PSF/PMA Polymer Brush System 
4.1 Results and Discussion of PSF and PMA Homopolymer Brushes 
In this chapter, results are presented that show true, highly dense polymer brush 
layers can be fabricated with thicknesses ranging from 50 — 100 nm, which is unprecedented 
in the brush regime. Polymer brushes from the glassy poly(styrene-co-2,3,4.5.6-
pentafluorostyrene) (PSF) and rubbery, elastomeric polymethylacrylate (PMA) were formed 
using the grafting from approach (Chapter 3 ). The surface morphology, and for the first 
time, mechanical properties, and thermal properties are directly measured, and compared to 
the known bulk values. The two brush layers presented in this study represent polymers with 
very different mechanical and thermal properties, demonstrating that a wide range of 
adhesive to non-sticky polymer brushes can be synthesized and their physical properties can 
be quantitatively studied with the experimental procedures and approaches used in this 
research. 
In a series of experiments described in Chapter 2, Yamamoto et al. conducted direct 
force measurements with AFM on polymer brush layers as a function of molecular weight 
and grafting density.92,93 It was found that the compression resistance of polymer brushes 
increases with increasing chain length and grafting density. However, in these studies, the 
nanomechanical, thermo-elastic, and thermal properties of brush layers directly measured 
with nanoscale resolution remained unaccounted for. Therefore, in this work, we focus on an 
investigation of two different polymer brush layers obtained by the grafting from technique. 
We conduct probing of the mechanical and thermal properties of glassy and rubbery brush 
layers and compare them with bulk properties of these materials. To the best of our 
knowledge, this is the first attempt to quantify the mechanical and thermo —mechanical 
properties (Young's Modulus, adhesion, glass transition temperature) of dense polymer brush 
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layers using AFM. To accomplish this task, we use the combined capabilities of AFM and 
SThM techniques (Chapter 3). 
4.1.2 Chemical Composition and Morphology 
The thickness and grafting density of the polymer brush layers were controlled by 
terminating the reaction after twelve hours. For these studies, we chose a grafting amount of 
approximately 50 mg/m2 for PMA and 90 mg/m2 for PSF that is typical for the grafting from 
approach.46 The thickness of the polymer layers measured independently with ellipsometry 
and with AFM scratch test was about 87 nm for PSF layer and 50 nm for PMA layer (Table 
3). These values are much higher than typical grafting densities and thickness than can be 
achieved by grafting to technique. The molecular weights (MW and Mn) determined from 
GPC for the PSF and PMA obtained concurrently via bulk polymerization under identical 
conditions have values 629,000 and 556,000 (g/mol), respectively (Table 3). The 
polydispersity of both polymers is quite modest and close to the expected values (1.90 for 
PMA and 1.58 for PSF). The molecular weight of these polymers can serve as a guide for 
the evaluation of the anticipated molecular weight for grafted brushes under assumption of 
close correlation of the grafted polymers and the bulk polymers.82
Table 3. Characteristics of the polymers and the polymer brush layers for the 
PSF/PMA system. 
Polymer MW(g/mol) 
Mo
(g/mol) 
Polydispersity 
(MW/Mo~ 
Ellipsometry 
Thickness (nm) 
PSF, bulk 629000 398000 1.58 NA 
PMA, bulk 556000 292000 1.90 NA 
PSF Brush Layer 629000 398000 NA 87 
PMA Brush Layer 556000 292000 NA 50 
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disturbed polymer chain in the bulk state, and the grafting density given in Table 4 were 
calculated from GPC and ellipsometry measurements in combination with equations 2 — 6 
(Chapter 1). Grafting density was estimated to be close to 0.1 chain/nm2, which is high for 
these very long-chain macromolecules. Indeed, the anticipated average distance between 
grafting points, calcuated as 1= 2(~D)"0'S, was close to 3 nm for both polymers, which is an 
indication of the extremely high grafting density (Table 4). Considering a geometrical size 
of the macromolecules being 3 0 — 40 nm, we can conclude that more than 100 grafted chains 
are strongly overlapped within a volume occupied by a single free macromolecular chain in 
the bulk. In addition, even in the dry state, significant stretching is expected for the PSF 
brushes where the layer thickness was twice larger than the macromolecular diameter, and 
modest stretching (60%) is also anticipated for the rubbery PMA macromolecules. 
Table 4. Parameters of the grafted macromolecules. 
Brush 
Layer 
Grafted 
Amount 
~mg/m2) 
Grafting 
Density 
(chains/nm2) 
Grafting 
Distance 
(nm) 
Chain End to End 
Distance in Bulk 
(nm) 
2~ 
(nm) 
PSF 90 0.138 3.0 43 36 
PMA 50 0.126 3.2 30 30 
AFM topographical imaging is the next step to verify if indeed a true homopolymer 
brush layer is formed. Tapping mode AFM in the "light tapping" regime was used to 
characterize the brush morphologies. Prior to scanning, the samples were exposed to good 
solvents (toluene for PSF, acetone for PMA) that act to swell the brushes. They were then 
dried very quickly under dry N2 so that the resulting morphology can be associated with the 
equilibrium conformation of the brushes in good solvents.los Dry grafted layers for both 
polymers were uniform with homogeneous chemical composition as indicated by concurrent 
topographical and phase imaging obtained at different scales (Figures 3 7, 3 8). Random 
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variations of layer thickness on asub-micrometer scale were very modest with resulting 
micro-roughness within 1 x 1µm surface areas not exceeding 0.3 — 0.6 nm. This value is 
., 
Figure 37: Non-contact AFM images of PMA homobrush at 1 x 1µm (top) and 
10 x 10 µm (bottom). Height Z-scale (left image) is 10 nm. Scale for phase 
(right image) is 40°. Surface RMS roughness ranged from 0.1 to 0.4nm proving 
a very smooth and homogeneous film was used. Occasional bumps observed 
were external impurities. 
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Figure 38: Non-contact AFM images of PSF homobrush at 1 x 1µm (top) 
and 10 x 10 µm (bottom). Height Z-scale is 20 nm. Scale for phase image is 
40°. Surface RMS roughness ranged from 0.2 to 0.6 nm indicating a smooth 
homogeneous surface. The occasional bumps observed were external 
impurities. AFM scratch testing confirmed ellipsometry measured thickness 
of 80 nm for both the PSF and PMA homobrushes. 
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close to the cross-sectional dimensions of a single polymer chain and is a characteristic of 
molecularly smooth surfaces. This is in contrast with polymer layers with low to moderate 
grafting densities for which lateral inhomogeneties and domain microstructure are frequently 
observed.97, 12g,129 Apparently, a much higher grafting density and high molecular weight of 
the polymers resulted in a higher level of overlapping of the macromolecular chains and a 
truly uniform surface morphology. 
4.1.3 Mechanical Properties of PSF and PMA Brush Layers 
Force-volume testing of dry polymer brush layers gives direct insight into their 
mechanical properties. Initially, surface micromapping of both polymer layers conducted 
under identical conditions confirmed a homogeneous layer composition (Figure 39). 
Micromapping of 1x1 µm surface areas with lateral resolution of 15 nm (64 x 64 pixels) 
showed uniform elastic response and adhesive force distributions throughout the probed area, 
except for surface defects. The value of the compressive elastic modulus represented by a 
gray level for identical images is much higher for the glassy polymer layer (Figure 39). 
Correspondingly, the level of adhesive forces is much higher for the rubbery polymer layer. 
The difference in the adhesiveness of the two brushes arises from two contributions: the fact 
that one is glassy (PSF) and the other rubbery (PMA) at ambient conditions, and the presence 
of fluorinated groups in PSF versus non-fluorinated PMA with highly polar segments. The 
exact level of each contribution to the difference in adhesive forces will be the subject of 
future tests. 
Respective histograms of surface distribution calculated from these force volume 
images confirmed these conclusions and provided for quantitative characterization of the 
interfacial elastic properties (Figure 40). In fact, these histograms demonstrate narrow 
distribution of the nanomechanical response, with- random deviations of elastic moduli and 
reduced adhesive forces not exceeding 16% and 11 %, respectively, for the entire surface area 
tested (Figure 40). These are characteristics of excellent uniformity in chemical composition 
and microstructure. The absolute values of the elastic moduli are scattered in the range of 
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PSF PMA 
Adhesion 
Figure 39: Force Volume images with 64 x 64 x 64 resolution at 1 x 1µm. The images 
are topography (top row), elastic modulus distribution (middle row), and adhesion 
distribution (bottom row). The left column is for PSF while the right is for PMA. Like 
AFM images, force volume images and the surface distribution of elastic modulus and 
adhesion are very uniform indicating a smooth, homogeneous polymer brush layer. 
Brighter colors correspond to higher values, and the scales are the same for PMA and 
PSF so that relative comparisons can be made. The arrows in the topography map 
point to artifact locations, which are common when sampling 4096 data points. 
67 
900 — 1800 MPa for the PSF layer, which contrasts sharply with 50 — 60 MPa for the PMA 
layer. The PSF value is close to typical values measured for thin layers of glassy polymers 
and the PMA value is typical for rubbery polymer phases.13o
Elastic Modulus Histograms 
100 1000 
Log Elastic Modulus (MPa) 
0.25 0.30 0.35 0.40 0.45 0.50 1.75 2.00 2.25 
Normalized Pull-off Force (nN/nm) 
Figure 40: Histograms 
comparing the resulting 
micromechanical analysis 
data for PMA and PSF. The 
huge contrast in modulus and 
adhesion values is expected 
for the glassy PSF and the 
rubbery PMA. All 
histograms are taken from 64 
x 64 x 64 force volume scans, 
and there is a total of 4096 
data points. The modulus 
represented here is the 
average modulus for full 
penetration into the layer. 
For comparison purposes, 
the same indentation 
threshold was used during 
the micromechanical probing 
of both brushes, resulting in 
indentation depths of 25 — 40 
nm for PMA and 5 — 15 nm 
for PSF. The pull-off force 
data was normalized to the 
tip radius. 
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Comparison of the PSF brush layer with bulk PSF and polystyrene layers was done as 
the next step. The bulk PSF sample was made by taking polymer from the same batch used 
to fabricate the grafted layer, and spin coating this (in 2% solution of toluene) onto a silicon 
substrate. The resulting layer had the same thickness as the brush layer. The PS sample was 
made in the same manner with PS of similar polydispersity as the PSF bulk polymer. The 
values for the PSF brush layers are fairly close to the experimenta~~ values determined for 
spin-coated films of corresponding polymers obtained via bulk polymerization as well as 
polystyrene (Table 6, Figure 41). Therefore, the direct AFM measur. ements confirm truly 
glassy and rubbery states of PSF and PMA brush layers, respectively. 
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Figure 41. Depth profiling of the elastic modulus comparing brush mechanical 
properties with corresponding bulk polymer samples. 
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From Figure 41, it is interesting to note that the PSF brush layer has an overall higher 
modulus than the corresponding bulk layer (linear fit is 1250 and 900 MPa, respectively). 
This means that the brush layer has a much higher compression resistance than chains in the 
bulk state which adopt the random walk conformation. Another indication of this is that the 
indentation in the PSF bulk layer is twice as high as for the PSF brush layer (12 nm and 6 
nm, respectively) at identical normal loads. The PS bulk layer has slightly higher modulus 
which can be attributed to the lack of fluorine atoms that allows for tighter chain packing and 
thus higher compression resistance. 
Analysis of force-distance curves from the force volume imaging reveals that PSF 
and PMA layers have very different surface properties, with much higher adhesion observed 
for the PMA layer during the retracting cycle of the tip (Figure 42). The difference between 
the approaching and retracting curves at the point the tip "snaps" out of the physical contact 
with the sample gives an indication of the total energy needed to fully withdraw the AFM tip, 
and this difference is clearly much larger with PMA then with PSF (Figure 42). The reduced 
adhesive force, defined as the pull-off force normalized to the tip radius R, OF/R, is 
essentially a measure of adhesive energy required to separate the AFM silicon tip and 
polymer surface.124,12s These values, calculated from force volume data, are much higher 
(more than five times) for the rubbery layer (Figure 40, Table 6). This results from the 
physical distinction, as well as differences in chemical composition at the surfaces of the 
brush layers. With a high concentration of fluoro-groups, PSF has a substantially lower 
surface energy then PMA where polar double-bonds contribute to high surface energy in the 
rubbery material.131, 132 Additionally, as is known for AFM experiments, the pull-off force is 
affected by a difference in the mechanical contact area between the AFM tip and the layer 
surface, which is higher for the more compliant rubbery PMA layer,124,133 The larger contact 
area during the retracing cycle effects the total forces required to disjoint the tip-surface 
contact. 
Another important feature of the force-distance curves is the slope of the approaching 
curve. This slope shows how an actual deflection of the AFM cantilever progresses with the 
~o 
surface indentation. A slope nearing unity indicates an extremely stiff surface such as on a 
silicon surface, and smaller values from this reflect larger surface indentation.124~134'135 The 
approaching curve slope is noticeably different for PSF than for PMA (Figure 42). Slope is 
much higher for the PSF layer and varies from 0.6 to 0.8 for PSF as compared to 0.2 to 0.4 
for PMA. This implies a much more compliant lbehavior of the PMA layer. 
0 
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50 60 
Figure 42: Typical force-distance curves for PSF and PMA. Note the difference 
in slope of the approaching curve (red), and the large range of adhesion in the 
retracting curve (blue) between tip and sample at pull-off for PMA as compared 
to PSF. 
Indeed, conversion of the force-distance curves to indentation-load curves underlines 
different micromechanical response of glassy and rubbery layers (Figure 43). Apparently, 
under identical normal load, the penetration of the AFM tip is much higher (5 — 10 times) for 
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the rubbery PMA layer. The rubbery PMA layer supports a much lower normal load than the 
glassy PSF layer can. 
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Figure 43: Penetration —load curves for PMA and PSF. At equal normal loads, a 
larger penetration took place into the more compliant PMA brush than with the 
PSF. 
Direct calculations of the depth profile of the elastic modulus showed much higher 
absolute values for the PSF layer compared with PMA (Figure 44). The absolute values of 
the elastic modulus for the PSF brush are close, but slightly higher than that for spin —coated 
PSF, and slightly lower than for spin —coated PS for reasons discussed earlier. In addition, 
lower indentation depths are achieved for the PSF layer under similar normal loads. 
Typically, the maximum indentation depth under the normal load of 60 nN was within 25 —
30 nm for the rubbery PMA brush layer but only 6-8 nm for the PSF brush layer (Figure 43). 
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Figure 43. Elastic modulus depth profiles for PSF and PMA layers. Results are also 
shown for PS and PSF bulk samples, which are spin-coated films. The thickness of 
the spin-coated samples is the same as for the respective grafted brush layers. 
Generally, data for particular indentation depths and particular location are scattered 
around a virtually constant level for both layers. Under certain probing conditions, a 
tendency towards higher values at smaller indentation. depths was observed but this 
phenomenon may be associated with the viscoelastic phenomenon and requires additional 
investigations. It is worthy to note that under loading conditions exploited here, the radius of 
the mechanical contact estimated from force-distance curves using Hertzian mechanics 
according to the known relationships varies from 5 nm (for lower load) to 9 nm (highest 
load).13o,133,136 Considering that the anticipated dimensions of the macromolecules are close 
to 3 5 nm (Table 6), we can conclude that mechanical probing was confined to surface areas 
much smaller than a dimension of a single macromolecular chain. Thus, our results confirm 
that on a spatial scale finer than macromolecular chains, PSF and PMA brushes are indeed 
73 
homogeneous materials with elastic properties of glassy and rubbery bulk polymers, 
. respective y. 
4.1.4 Thermal Mechanical Properties of PSF and PSF gush Layers 
The thereto-elastic properties of the brush layers were examined through independent 
measurements with µTA and force volume measurements at elevated temperatures. The 
macro —thermal properties of PMA and PSF where characterized with DSC in order to 
correlate µTA results with macro properties (Figure 44). 
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Figure 44. Macro DSC results for 
bulk PSF (top) and PMA 
(bottom). The glass transition 
temperature, calculated as the 
value corresponding to half the 
extrapolations of the heat flow, is 
indicated on each graph. Each 
sample was run four times, and 
the deviation was not more than 
5°C. Sample weights were G.5 mg 
for PSF and 10 mg for .PMA, 
while heating rate was 10°C/min. 
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µTA measurements of heat dissipation for the PSF brush layer allowed direct 
evaluation of the glass transition temperature (PMA layer with Tg = 5°C was not measured 
because of technical constraints limiting a temperature range to that above room 
temperatures) (Figure 45). This is a difficult measurement and is believed to be close to the 
thinnest layer in published literature capable of being measured with µTA. In order for such 
a measurement, the setpoint forces need to be optimized: too small of a force will result in 
vague noisy data, as the thermal probe will be jumping around on the surface, and not in 
intimate contact. Too high of a force means the thermal probe is penetrating slightly into the 
layer, and all the heat is dissipated by the relatively highly conductive silicon substrate. In 
addition, optimal heating rate must be determined, and in this case it was 5°C/sec. Several 
independent measurements at different surface locations demonstrated the presence of 
singularities in heat dissipation at temperatures around 105 — 110°C (Figure 45). The glass 
transition temperature determined from this data was 108°C, which is close to the glass 
transition temperature obtained from the DSC experiment on bulk-polymerized PSF 
specimen (Table 6). This can be considered as a strong indication that PSF within the brush 
layer retains the thermal properties of the bulk polymer with high molecular weight. 
Figure 45. µTA measurements on the PSF layer: the power dissipation data (left 
scale) for different locations is averaged and converted to a single derivative curve 
(right scale) from the data. At this thickness, a glass transition can be clearly seen 
around the 110°C mark. Power scale is offset to clearly show all curves. 
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Further studies of thermo-mechanical properties of the PSF brush layer via force 
volume measurements at elevated temperature confirm this statement (Figures 46,47, and 
48). Again, this type of test is not straightforward as it involves placing the sample on a 
thermal stage underneath the AFM head, adequately secured down as any movement in force 
volume measurements will produce erroneous data. As the sample is heated, the sample 
temperature is allowed to equilibriate for at least one hour. Force volume was done at nine 
different temperatures, which means that since the measurement must be reproduced, such 
testing can take several weeks. The temperatures tested are listed in Table 5. Also, to 
compare the data at each temperature, an AFM tip with identical parameters should be used 
for all measurements. Another precaution is to make sure the tip does not become 
contaminated. With repeated indentation into polymeric layers at temperatures approaching 
Tg, polymer chains can be pulled out and remain stuck to the tip. The tip can be cleaned in 
solvent, and the radius must be measured after each force volume test by scanning gold 
particle reference samples to insure no changes occurred. 
Table 5. Results of thermo —elastic properties for PSF brush layer 
Temperature 
°C 
Full Penetration Young's 
Modulus (MPa) 
20 1060 
40 965 
50 1080 
60 800 
80 580 
90 240 
100 325 
115 6 
120 10 
As we observed, the maximum indentation depth achievable under identical normal 
loads at different temperatures was virtually constant and close to 10 nm for temperatures 
below 60°C (Figure 46). At higher temperatures, the compliance of the PSF brush layer 
increased gradually. A sharp rise of the indentation depth was observed for temperatures 
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above 90°C. This indicates a sharp increase of polymer compliance associated with the 
unfreezing of segments and increased mobility in the course of the glass transition. 
Furthermore, extracted force —distance curves and load —penetration plots show the 
increased adhesion, compliance, and indentation depth with increasing temperatures (Figure 
47). 
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Figure 46. Penetration depth for the PSF layer at different temperatures with 
identical normal load at each temperature. Above the glass transition, full 
penetration through the 90 nm thick layer was achieved. 
The elastic modulus, calculated from force —volume data at elevated temperatures, 
showed the thermo —mechanical behavior typical for amorphous polymers (Figure 48). It 
remains virtually unchanged for temperatures below 60°C and then drops dramatically (50 
times) to 1 S MPa for temperatures above 100°C. This thermomechanical behavior 
corresponds to that expected for bulk PSF polymer with a glass transition temperature of 
110°C. The transition is somewhat wide (ranging from 60 to 110°C), but not unusual for 
high molecular weight amorphous glassy polymers with broad molecular weight 
distribution, l 11 
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Figure 47. Force —distance curves and resulting load —penetration curves 
from force volume at the indicated temperature. Indentation increases 
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4.1.5 Conclusions 
In conclusion, we exploited AFM -based techniques for probing of the thermal and 
mechanical properties of thick (50-90 nm) polymer brush layers synthesized according to the 
grafting from approach (Final results given in Table 6). As we observed, both glassy (PSF) 
and rubbery (PMA) brush layers were extremely homogeneous entities with no indications of 
lateral segregation, which is usually observed for brush layers with lower grafting density. 
All thermal, mechanical, and thereto-elastic properties of polymer brush layers studied here 
were directly measured with nanoscale resolution for the first time. As we observed they 
were close to that for unconfined polymers obtained via bulk polymerization under identical 
conditions. This points out an undisturbed composition and microstructure of polymers 
grown from a reactive silicon surface by the grafting from technique. 
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Table 6. Resulting Physical Properties of PSF and PIYZA in bulk and brush layer. 
,I, 
~oC~ 
Contact 
angle 
(~ 
Layer 
thickness 
(nm) 
Elastic 
modulus 
(MPa) 
Reduced 
adhesive forces 
(N/m) 
PSF, bulk 108 95 NA 1000-1200 0.24 
PMA, bulk 5 79 NA 7-10 NA 
PSF, brush layer 110 99 87 1000 -1500 0.37 
PMA, brush layer NA 84 50 50-60 1.95 
Micromapping of the surface mechanical properties revealed much lower adhesion of 
the PSF layer enriched with fluorine-containing segments and much higher surface stiffness 
in comparison with the complaint PMA layer containing polar double-bond segments. Both 
difference in the contact areas and chemical interactions can be held responsible for this 
phenomenon. At room temperature, an elastic modulus of approximately 1 GPa was 
determined for the glassy PSF brush. The rubbery PMA layer possesses the elastic modulus 
typical for the reinforced rubber state (SO MPa). This value is only slightly higher than that 
measured for the bulk PMA, which can be attributed to the silicon substrate. Direct 
measurement of the heat dissipation and thermo-elastic response within the PSF brush layer 
confirmed that the glass-rubber transition occurs between 100 — 110°C as expected for a 
bulk, unconfined polymer. Heating the glassy PSF layer resulted in a gradual decrease of the 
elastic modulus completed by full conversion to the rubbery state with the elastic modulus 
close to 1 S MPa, indicating glass transition behavior of a typical bulk, high molecular weight 
polymer. To the best of our knowledge, this is the first direct measurement of thermo-elastic 
properties of grafted from polymer brush layers on a nanoscale. This work proves that the 
brush film possess physical properties, which are, in fact, close to that for high-molecular 
weight materials obtained via bulk polymerization. 
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4.2 Results and Discussion of PSFlPMA Binary Brushes 
In the previous section, we have shown that thick (S 0 — 90 nm) homopolymer brushes 
of polymethylacrylate (PMA) and polystyrene-co-2,3,4,5,6-pentafluorostyrene) (PSF), synthesized 
via the grafting from approach produced dense, homogeneous brush layers. The physical 
properties of these brushes were characterized, and found to be very different for each layer, 
which is expected since PSF is glassy at room temperature (glass transition temperature, Tg, 
is 108°C), while Tg for PMA is around 5°C. Young's modulus of the homobrush layers was 
approximately 1 GPa and SO MPa for PSF and Pl~~IA, respectively. Furthermore, the 
adhesive forces were more than five times higher for PMA, containing highly polar 
segments, than with the fluorine-enriched PSF. Here, we combine these two very different 
polymers into a binary brush layer to create a modified surface with the possibility of 
possessing varying morphological states, and hence tunable physical properties. We directly 
reveal the reversible switching morphology of a binary brush surface sensitive to changing 
solvent conditions with AFM. Furthermore, we aim to quantify the mechanical properties at 
the nanoscale associated with each morphological state. All experiments are done in the dry 
state, however there is much evidence that the dry morphology is, in effect, the same 
morphology under solvent, l os After exposure to a solvent, the film was dried in 
approximately one second under dry N2. Thus, the time for solvent evaporation is 
tremendously smaller than the time needed for switching (minutes), and it is a safe 
assumption that the morphology under solvent is essentially frozen into place. l os 
Only a few studies have been conducted to verify the theoretical models discussed in 
Section 2.3.2, and there has been no study to date addressing the physical properties 
associated with morphological changes of such a layer. The earlier work, using several 
methods including AFM and XPS, experimentally verified the switching of binary polymer 
brushes exposed to different solvents, and that the surface composition can be precisely 
tuned.46,104,105 The evidence of the dimple phase was also produced using AFM. l 03 To our 
knowledge, this work presented here is the first experimental study that verifies the complete 
reversible switching of elastic and adhesive properties at the nanoscale in a polymer film, and 
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provides detailed results justifying a model of structural reorganization that includes both 
lateral and vertical segregation of dissimilar polymers. 
4.2.2 Chemical Composition and Grafting Density 
We grafted PMA at the first polymerization step, and then PSF at the second step 
using the residual amount of the azo-initiator on the Si substrates (see Figure 22). The 
thickness and grafting density of the polymer brush layers were controlled by terminating the 
reaction after 12 hours. For these studies, we chose a grafting amount of approximately 25 
mg/m2 for PMA and 43 mg/m2 for PSF (Table 7) that is typical for the grafting from 
approach.46 The thickness of the polymer layers measured with ellipsometry after each 
grafting step was about 24 nm for the PMA layer and 36 nm for the PSF layer (Table 7). 
These values are much higher than typical grafting densities and thicknesses than can be 
achieved by the grafting to technique. The molecular weights (MW and Mn) determined from 
GPC (Table 7) for the PMA and PSF obtained concurrently via bulk polymerization under 
identical conditions have values of 505,700 and 120,405 (g/mol) (PMA), and 372,150 and 
218,912 (g/mol) (PSF). The polydispersity of both polymers is quite modest and close to the 
expected values (4.2 for PMA and 1.58 for PSF). The molecular weight of these polymers 
can serve as a guide for the evaluation of the anticipated molecular weight for grafted 
brushes under assumption of close correlation of the grafted polymers and the bulk 
polymers.82
Table 7. Characteristics and parameters of grafting for the polymers in the binary brush. 
Brush Poly- 
mers 
Mw 
(g/mol) 
Mn 
(g/mol) 
Rg
(nm) 
Poly- 
dispersity 
Index 
(Mw~n) 
Thick- 
Hess 
(nm) 
Grafted 
Amount 
(mg/m2) 
Graft 
Density 
(chain/nm2) 
Grafting 
Distance 
(nm) 
PMA+ 
PSF PMA 505700 120405 10.0 4.2 24.0 25.2 0.13 3.1 
PSF 372150 218912 13.4 1.7 36.0 43.2 0.12 3.3 
PMA +PSF NA NA NA NA 60.0 68.4 0.15 2.9 
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The anticipated grafting densities, radii of gryration, and grafting sites were evaluated 
from Mn and the layer thickness according to the Equations 3 — 6 (Chapter 1). Grafting 
density was estimated to be close to 0.1 chain/nm2, which is extremely high for these very 
long —chain macromolecules. Indeed, the anticipated average distance between grafting 
points, was close to 3 nm for both polymers which is an indication of the extremely high 
grafting density (Table 7). Considering a diameter of the macromolecules of 20 — 3 0 nm, we 
can conclude that more than 100 chains are strongly overlapped within a volume occupied by 
a single grafted macromolecular chain. In addition, even in dry state, significant stretching 
is expected for the PSF brushes where the layer thickness was twice larger than the 
macromolecular diameter and modest stretching (60%) is anticipated for rubber PMA 
macromolecules. 
4.2.3 Switching in Different Solvents and Resulting Surface Morphology 
Two very different morphologies appeared when the brush layer was exposed to 
toluene and acetone (Figures 49, SO). The images of different morphologies were done using 
the same AFM tip so direct comparisons could be made. It is known that acetone is a 
selective solvent for PMA, and toluene is the selective solvent for PSF.41,137 Thus, two 
different states, or morphologies are possible. Accordingly, the following nomenclature will 
be used through the rest of this thesis: (1) the glassy state, which should result after toluene 
exposure with PSF expected to be on the top layer, and (2) the rubbery state should be 
formed after acetone exposure since PMA is expected to swell and be enriched at the top of 
the brush.41,s6 
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Figure 49. AF1VI images (left-topography, right-phase) of the glassy (top) and 
rubbery (bottom) state of the binary brush at 5 x 5µm in the soft tapping regime. 
Top picture: Z scale for height is 10 nm, Z scale for phase is 20°. Bottom picture: 
Z scale for height is 150 nm, Z scale for phase is 40°. 
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Figure 50. AFM images (left-topography, right-phase) of the glassy (top) and 
rubbery (bottom) state of the binary brush at 2 x 2 p,m in the hard tapping regime. 
Top picture: Z scale for height is 10 nm, Z scale for phase is 10°. Bottom picture: 
Z scale for height is 150 nm, Z scale for phase is 40°. 
Indeed, imaging of binary brushes after different solvent treatment reveals the 
enormous height difference between the two states (Figure 51). In addition, surface 
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microroughness (measured within a 1 x 1µm surface area) increased from 2.2 ~ 0.5 nm in 
the glassy state to 28 ~ 4 nm for the rubbery state. In the rubbery state, PMA seemingly 
swells to a high degree forming aweb-like cellular layer over the collapsed PSF, whereas in 
the glassy state, PSF forms a thin layer over the collapsed PMA. It appears that changes in 
vertical re-ordering dominate the pattern binary brush in selective solvents. The pronounced 
vertical segregation (layering) is in agreernent with previous experiments and theoretical 
calculations, although it is unclear from height images alone whether clusters (dimples) are 
forming underneath the swelled component, as would be expected. l °~ The fact that the 
Figure 52. 3-dimensional surface plots and corresponding profile analysis of the 
rubbery (left, height increment is SOnm) and glassy state (right, height increment is 
40nm) showing the immense difference of height and surface roughness between the 
two states. The profile for the glassy state shows that two types of depressions in the 
PSF layer are found: large (8 —10 nm deep) and small (1— 7 nm deep). 
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rubbery state swells approximately ten times higher than the glassy state can be attributed to 
two reasons. First, the interaction parameter is more favorable for the PMA-acetone 
combination rather than PSF-toluene mixture. Second, the high glass transition temperature 
(Tg) for PSF compared to PMA (108° to 5°C for PSF and PMA respectively) makes PSF far 
less mobile than PMA chains. 
Topographical images confirm that lateral phase segregation does not occur for 
dimensions significantly larger than the Rg, meaning the grafting sites for each component 
are sufficiently uncorrelated. The switching between the two morphologies presented in 
Figures 3 and 4 is reversible for at least a hundred switches, and each state remained stable 
for long periods of time (several months) in ambient conditions. Switching of the surface 
was also evident with water contact angle measurements and optical effects (Table 8, Figure 
53). The contact angle varied from 95 to 100° in the glassy state and in the range of 80 - 120° 
in the rubbery state over fifteen measurements for each of three cycles of switching. This 
correlates well with values found for PSF and PMA homobrushes, which were 99° and 84° 
respectively, further indicating vertical segregation of each component to the top of the brush 
in respective selective solvents.138 The larger variations in the rubbery state can be attributed 
to the higher surface roughness as compared with the glassy state and the plus 100° values 
are reasonable even on extremely hydrophilic surfaces due to the excessive surface roughness 
(3 0 nm RMS for rubbery state).139
Table 8. Physical properties of individual components and the binary brush. 
Polymer Tg (°C) Contact Angle (°) 
Overall Elastic 
Modulus (MPa) 
Overall 
Adhesion 
(mJ/m ) 
p~ homopolymer 108 95 50 — 60 NA 
PSF 
homopolyrner 5 79 700 —1100 NA 
pMA + PSF 
Rubbery State NA 80 —120 50 110 
PMA + PSF 
Glassy State 
NA 95 —100 500-900 80 
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Figure 53. Optical micrograph demonstrating the optical effect of switching can be 
observed macroscopically. The upper part of the brush (blue) was treated with 
acetone, while the lower part (yellow-green) was exposed to toluene. Bar is 1 mm. 
For a nanostructured surface, phase imaging is instructive for identifying different 
domains because phase contrast (phase shift) is a result of differences in energy dissipation 
from each tip-sample interaction.11 g Thus, constituents in the surface with. varying 
compliance, adhesion, and viscoelasticity will produce phase contrast. Phase imaging is also 
able to identify sub-surface domains.73,140 For practical scanning, the setpoint ratio (rsp), 
defined as the ratio of operating setpoint (amplitude) to the free oscillating amplitude of the 
cantilever, must be taken into account for correct interpretation of phase images as was 
proposed by Magonov et al in the terms of two regimes.140 The attractive regime, or light 
tapping, is characterized by an rsp of 0.9 — 1, while the repulsive regime, or hard tapping, has 
rsp of 0.4 — 0.7. In light tapping, the tip sample interaction is strongly influenced by 
adhesion and the phase shift is greater on the surface with areas of higher attractive forces 
whereas in the hard tapping regime, the elastic response becomes predominant. l ~ g 
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The AFM images in Figure 49 were scanned using light tapping. For the glassy state, 
the brighter areas in phase correspond to the holes in the height image that can be associated 
with presence of predominantly PMA material within holes. Tentatively, it can be thought 
that the glassy PSF chains vertically segregate to the top around the compliant PMA, which 
forms clusters, and the tops of these clusters are observed as the phase contrast. However, 
the phase shift is very minor (only several degrees) and can be also affected by a 
topographical contribution. Thus, only from AFM images we cannot conclude 
unambiguously if the holes seen in the glassy state are depressions in the PSF layer, or 
actually the tops of soft PMA clusters. Micromechanical analysis (MMA) needs to be 
conducted before final conclusion (see below). Interpretation of the rubbery state is more 
straight-forward as the phase images in Figures 49 and 50 show a very homogeneous top 
layer (except some topographical contribution from the edges). The conclusion can be made 
that the rubbery PMA dominates the top layer of the brush after exposure to acetone. 
In the hard tapping mode, the stiffer domains appear brighter in phase while the more 
compliant regions are dark.73'118 Figure 54 shows progressively high-resolution images for 
the glassy state. The holes in the 400 nm scan correspond to dark shifts in the phase image, 
although close inspection reveals some depressions in topography have no phase contrast. 
The 200 nm image clarifies this ambiguity. The hole in topography surrounded by the solid 
white box in Figure 6 appears the same as the hills in phase. However, the hole type 
highlighted by the dashed box shows two regions in phase: at the edges of the holes there is 
no phase contrast, and only at the deepest region a darker shift in the phase image indicates 
the compliant Pl~~IA regions. 
Micromechanical analysis (MMA) of the binary brush layers after exposure to 
different solvents should provide additional information in terms of surface elasticity that can 
be useful for the identification of different phases. It can directly determine if there is 
switching of the elastic properties associated with the changed morphology discussed above. 
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Figure 54. High resolution tapping mode images of the glassy state morphology in 
the hard tapping regime. Top: 400 x 400 nm, height z scale is 10 nm, phase z scale 
is 20°. Bottom: 200 x 200 nm, height z scale is 10 nm, phase z scale is 20°. White 
solid rectangle indicates depression in the PSF layer as phase is unchanged from the 
surrounding area, while the white dashed rectangle indicates a complete hole in the 
PSF layer with the change in phase indicating the presence of the compliant PMA. 
The numbers in phase correspond to different force distance points in the 
mechanical properties discussion. 
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4.2.4 Switchable Mechanical Properties of Binary Brush Layers 
Micromapping of the binary polymer brushes has proven to be a difficult task for 
several reasons. First, because of the nanodomain phase separation, high lateral resolution is 
necessary, which means a very small tip radius must be used. Due to the calibration of the 
cantilever sensitivity that consists of repeated normal contact with silicon, as well as the 
repeated penetration into polymer layers, the tip can become blunt and contaminated rather 
quickly. Accurate force volume measurements greatly depend upon accurate calibration of 
the sensitivity, and confirming the constant sensitivity of the cantilever without greatly 
altering the tip radius is a challenge. Second, PSF and PMA are expected to have contrasting 
mechanical properties. It has been determined that only a small range of cantilevers, in terms 
of spring constant and, hence, local pressure, are applicable to probe the surface 
nanomechanical properties of a given polymer (Figure SS).2o,141 
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Figure 55. The plot shows the relationship of sample stiffness versus tip stiffness 
for micromechanical mapping. Such a plot is used for tip selection in force volume 
imaging. 
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Since we have a glassy and a rubbery polymer within the same probing area, it is 
difficult to find a perfectly matched spring constant to probe both. Accordingly, force 
volume probing was repeated several times using stiffer and softer cantilevers to achieve 
higher sensitivity for either glassy or rubbery surface areas. 
Force-volume probing produces a micromapping of the surface elastic and adhesive 
properties with lateral resolution of 10 — 30 nm (Figure 56, Table 8). MMA of the glassy 
state showed a mechanically heterogeneous surface in contrast to a homogeneous surface in 
the rubber state. For the glassy state, the holes correspond to areas of low elastic modulus 
and increased adhesion, evidence of a more compliant and sticky rubbery PMA material. 
The surface histogram of elastic modulus and adhesive forces presented shows a bimodal 
distribution of the elastic modulus that is expected for a surface with microphase separated 
regions (Figure 57). The value of the main maximum of 900 MPa is close to the 
measurement on PSF homopolymer brush (1.1 GPa), and is typical for brush layers of glassy 
polymers.41 A minor contribution about 480 MPa originates from holes and indicates softer 
but still relatively stiff surface. On the other hand, for the rubbery state, the elastic modulus 
was within a narrow range of values, 50 — 100 MPa, typical for a rubbery polymer and 
indicating a more complete and homogeneous soft top layer. Elastic modulus histograms 
were also obtained using a softer tip with higher sensitivity (Figure 58). The glassy state 
shows an even more amplified bimodal distribution than that with the stiff tip. Individual 
measurements are distributed in the range of 10-50 MPa (characteristic of PMA domains) 
and 400-1000 MPa (characteristic of PSF domains). 
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Glassy State Rubbery State 
~E 
Figure 56. Force volume images at 64 x 64 resolution at 1 x 1µm for the glassy state (left 
column) and 2 x 2µm mapping for the rubbery state (right column). Topography (top row ), 
elastic modulus (middle row), and adhesive force (bottom row) distributions are presented. 
Bright areas correspond to higher topography, elastic modulus, and adhesion. 
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Figure 57. Surface histogram distributions from MMA mapping demonstrating the 
mechanical (adhesion, top, and elastic modulus, bottom) difference of by the binary 
brush layer in two separate states. Histograms are taken from 64 x 64 force volume 
scans for a total of 4096 data counts. The elastic modulus is the average value for each 
data point over the entire indentation range. The histogram representing the modulus 
in the glassy state shows a bimodal distribution fitted with two Lorentzian functions. 
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Figure 58. Force volume topography distribution and corresponding elastic modulus 
histograms from the glassy (top row) and rubbery state (bottom row) using a soft tip. 
The histogram in the glassy state was derived from the region with the white frame to 
avoid incorrect data from the damaged surface region. The bimodal distribution is 
enhanced in the glassy state. Histograms are taken from 32 x 32 force volume scans 
atlxlµm. 
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Examination of individual force-distance curves (FDCs) in the glassy state reveals 
separate forms at different locations indicated in Figure 54 (Figure 59): Location 1 
represents FDCs from the "tops" of the layer, location 2 corresponds to the very top of the 
PMA clusters that poke through to within 10 nm of the top of the brush, and location 3 
represents an area in which very thin PSF is layered over the top of the PMA cluster. The 
FDCs, load —penetration curves, and modulus depth profile plots for location 2 are all 
characteristic of AFM tip interaction with a highly compliant surface (Figure 59). The 
adhesion in the FDCs is larger for location 2, as is the pull off force necessary to disjoint the 
tip/sample contact. Due to the polar character of PMA material compared with the 
fluorinated groups in PSF, the intrinsic difference in surface energies will lead to higher 
adhesion. The energy required to pull off the surface also increases with the area of 
mechanical contact, and this will be higher for the compliant PMA. In addition, the slopes of 
the FDCs are very different for locations 1 and 2, indicating differences in the actual 
cantilever deflection as it indents into the sample. l 34,13 s, 141 A slope approaching unity 
describes the situation when the tip feels an infinitely hard surface, such as silicon. Slopes 
range from 0.6 — 0.8 for location 1, and 0.2 — 0.4 for location 2. 
Conversion of the FDCs into load —penetration curves further confirms that a more 
compliant surface is associated with location 2 as indentation is twice as deep under identical 
normal loads (Figure 59). Depth profiling of the elastic modulus shows a constant value of 
nearly 1 GPa at location 1. This behavior is in sharp contrast with location 2 as the initial 
modulus is close to 50 MPa until about 10 nm of penetration at which point it climbs steeply. 
This latest behavior is observed for compliant polymer layers on a top of stiff substrate such 
as silicon oxide or glassy polymer surfaces.142 It allows determining the elastic modulus of 
compliant PMA layer (50 MPa) and its thickness (at least 10 nm diameter cluster). These 
results axe consistent with MMA daxa for PMA homobrush layer and AFM scratch test and 
indicate PMA material grafted to the silicon substrate. 
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Figure 59. Typical FDCs (top, 
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approaching cycle, gray 
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cycle), load — penetration 
(middle), and elastic modulus 
depth profiles (bottom) for the 
glassy state. Location 1 and 
Location 2 refer to the points 
depicted in Figure 54. 
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Location 3 on Figure 54 represents a surface discussed in the design approach of 
molecular polymer coatings (Chapter 1). In this well —defined nanoscale surface, location 3 
shows an area in which a glassy layer resides over a highly elastic rubbery PMA cluster 
sandwiched between the stiff top layer and the silicon substrate. Such a design of a polymer 
film provides an effective mechanism for energy dissipation, facilitated by huge reversible 
elastic deformations of the rubber layer in combination with a hard top layer, which prevents 
the penetration of solid asperities through the compliant layer down to the protected 
substrate. The modulus profile of this surface is given in Figure 59, and the highly non —
linear mechanical response is a goal in the fabrication of these binary brushes. 
2500 - 
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~ 1500 - ~ ... ■ 
01000 - 
500 - ~, ■ ■ 
o 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
Depth {nm) 
Figure 59. One of three different 
elastic modulus depth profiles resulting 
from the surface in the glassy state. 
Initially, the modulus is very high, 
indicative of PSF, then after further 
penetration, the rubbery PMA starts to 
absorb the normal load and the 
apparent overall modulus decreases. 
MMA results for the rubbery state are given in Figure 60. FDCs from the "tops" 
correspond to probing on the web-like structures while "holes" refers to the deep gaps in this 
structure. For the rubbery state, nearly all FDCs exhibited behavior indicative of a highly 
compliant surface. Penetration into the PMA was routinely above 3 0 nm for a load of 5 0 nN, 
while for PSF in the glassy state, the deepest penetration was 4 nm for the similar load. 
Depth profiling of the elastic modulus for the rubbery state showed a steady increase as 
surface layer was compressed, but still did not exceed 70 MPa after 40 nm of indentation 
(Figure 60). The effect of PSF was felt in the deepest holes as the elastic modulus quickly 
jumped to roughly 1 GPa after 6 nm of indentation indicating thin PMA layer within holes. 
Therefore, these results confirm the presence of rubbery PMA layer all over the binary brush 
after acetone exposure. 
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4.2.5 Model For Molecular Chain Reorganization 
The morphology of the brush layer in the different states based on both AFM imaging 
and micromechanical testing can be summarized by the model presented in Figure 62. 
Complete results in terms of the conformation and thickness of each component in both the 
glassy and rubbery state are summarized in Tables 8 and 9. This model (see Figure 62), 
along with Table 9, was built based upon information from all the experimental procedures: 
AFM tapping and phase mode image, AFM scratch test measurement (Figure 61), and MMA. 
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Figure 61. Results of AFM scratch test of the rubbery state (left) and the glassy state 
(right). For the rubbery state (top left), scanning was done in contact mode at harsh 
conditions removing all polymer and exposing bare silicon. Sectional analysis (bottom 
left) from subsequent zoomed out tapping mode scan reveals greatest thickness of PMA 
(black arrows) to be around 100 nm, while the total thickness was 115 nm (gray arrows) 
meaning that PSF thickness in the collapsed state is around 15 nm. For the glassy state 
(right), PSF was more difficult to remove and a sharp tool was used to create the 
scratch. After flatten and plane fit of the image (top right, image appears distorted due 
to aspect ratio scanning), the thickness of the layer (black arrows, lower right) was close 
to 50 nm. Combining this with the glassy cross section analysis (Figure 5) where PMA 
was observed only in the deepest holes of 10 nm, collapsed PMA has apparent thickness 
of 30 — 40nm in the glassy state. 
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Figure 62. Model depicting the re-ordering of PSF and PMA chains switching 
upon exposure to selective solvents (toluene and acetone, respectively). Dashed 
spheres in the rubbery state are shown to emphasis that there is no free volume 
and that PMA chains occupy all space above the collapsed PSF layer. 
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After exposure to acetone, the brush surface is characterized by dramatic swelling of the 
PMA phase and the layered profile dominates with the PSF phase collapsed into clusters to 
form the dimple structure below the swelled PMA layer. Several AFM experiments and 
theoretical simulations have shown that clusters will form in the collapsed component (or 
brush exposed to a bad solvent) in the range of medium to high grafting densities. 
Considering that PSF in this brush should be in the medium to high grafting density range 
and not the ultra-high density range found in homobrush layers, the suggested formation of 
the dimple PSF phase in the rubbery state seems to be j ustified.91,96 ,9~ ,9g 
After exposure to toluene, PSF swells and the layered phase is observed with PSF 
forming a nearly complete layer over the collapsed PMA (Figure 62). Only in the deepest 
holes can the top of the PMA dimples be detected. The intermediate holes of 1 — 8 nm deep 
are merely depressions in the PSF topmost layer. According to recent theoretical 
calculations, the collapsed PMA dimples should form into a hexagonal packed lattice 102, but 
Fourier transform of the AFM image indicated only usual short-range ordering. From AFM 
scratch tests, PMA went from a height of 100 —120 nm down to cluster sizes of 3 0 nm height 
after exposure to bad solvent (Figure 61). Our results indicate that in both the glassy and 
rubbery states, a combination of the layer and dimple phases occurs. The selective solvent 
greatly enhances the vertical (layering) segregation of a particular phase, while the other 
component collapses into the dimple structure beneath. This is in agreement with recent 
theoretical predictions and experiments for a binary polymer brush composed of two highly 
incompatible polymers. i o2, i o3 In addition, Ml~~IA results clearly confirm the complete change 
of the mechanical response in the binary brush after exposure to different selective solvents. 
Micromapping of the mechanical properties with the nanometer resolution directly reveals, 
with a high level of confidence, the chain organization associated with the re-ordering of 
surface morphology in a binary brush. 
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Table 9. Summary of re-ordering for PSF and PMA when the binary brush is switched. 
Brush layer 
Toluene Exposure Glassy State} ~. cetone Exposure (Rubbery State} 
Chain 
Organization 
AFM Thicl~ness 
{nm) 
Chain 
Organization 
AFM Thickness 
{nm) 
PMA Collapsed. .Forms clusters. ~0 -- 40 
Sw011enffi _ Segregates tc~ 
top of brush. 
110 —120 
PSF 
Swollen. 
Segregates to 
top of brush. 
~ ~~ 
11 Co apsed. 
F rm 1 r o s c uste s. 1®- 
. 
+ PMA PSF 
Enhanced 
Layered + . DYmple phases 
50 ~ 2 nm rou~,hness 
Complete 
L r + aye ed 
Dimple Phases 
110 —120 
25 nm roughness 
4.2.6 Morphology of PSF/PMA Binary Brushes in Fluid 
Although it has been argued earlier that the morphology resulting from exposure to a 
particular solvent should be kinetically "frozen" into place if dried quickly, there has been no 
experimental work to prove that the dry binary brush morphology is similar to that of the 
same solvated brush. In a series of studies, Koutos et al observed the morphology of PS 
brushes in only bad solvent conditions, and the corresponding dry brush was not imaged.96'97
Kelley et al. looked at PS brushes in a good solvent and saw that due to the excessive chain 
stretching, overall homogeneous images were obtained.128 I-Iowever, once again, the 
corresponding dry brush images were not presented. In this section, results from AFM 
imaging of the binary brush in acetone and toluene are presented, and the resulting 
morphology is compared with that found in the dry state. 
The binary brush was imaged in contact mode using a soft tip (0.05 N/m) to minimize 
applied forces. Once the solvent was added, the binary brush was allowed to equilibrate with 
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the solvent, which took about five minutes. Since toluene and especially acetone evaporate 
rapidly in air, it was necessary to keep adding solvent on the sample with a micro — pipetter 
during this five minute period. AFM images of solvated brushes in acetone (rubbery state) 
and toluene (glassy state) are presented in Figures 63 and 64. 
O 
4 
tf' 
0 
i 
2.5 
I 
5.0 
~., 
r -s 
I 
7.5 
i 
10.0 
Nm 
Figure 63. AFM image of the binary brush in toluene at 2 x 2µm (top, left) and 10 x 10 
µm with corresponding 3D and cross sectional analysis plots from the 10 µm image. 
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Figure 64. AFM image of the binary brush in toluene at 2 x 2µm (top, left) and 10 x 
10 µm with corresponding 3D and cross sectional analysis plots from the 10 µm image. 
The scales in Figures 63 and 64 are the same so direct comparison can be made 
between the solvated glassy and rubbery states. 
Figures 63 and 64 can then be compared with the corresponding dry state images in 
Figures 4g and 50. For the glassy state, the fluid image shows a rough surface with only a 
very limited number of deep holes. while the nanodomain structure is different from the dry 
state, the same "type" of morphology is found. As in the dry state, the AFM image under 
toluene reveals lateral phase separation, although not to the extent as in the dry state, along 
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with incomplete vertical segregation. Furthermore, from section analysis, the holes in the 
glass state in toluene are on the order of 50 nm, much larger than for the 10 nm scale in the 
dry state. The surface roughness under toluene is about 3 nm R:MS fora 1 x 1µm area, as 
compared with 1 nm R:MS in the dry state. 
For the rubbery state, the network, or cellular like structure of the dry brush is absent 
in the AFM image under acetone. Apparently, under acetone, the chain swelling is so strong 
that a complete homogeneous PMA layer forms over collapsed PSF. The roughness value of 
0.6 nm ~S in acetone is also indicative of a very homogeneous top layer. Thus, the 
conclusion can be made that the dry state morphology is closely associated to the solvated 
morphology. For the dry glassy state, we observed lateral and vertical segregation, which 
was seen in the solvated state, albeit the perpendicular segregation was more pronounced 
with the deeper holes. However, the main point is that in both states, complete vertical 
segregation was not achieved. In the rubbery state, complete vertical segregation was 
achieved in both the solvated and dry state. 
There are several reasons why complete vertical segregation is not achieved in the 
glassy state, but only in the rubbery state. First, the most critical factor concerning swelling 
of brushes is the Flory —Huggins Interaction (F — H) parameter, which takes into account the 
solubility parameter of a solvent and a polymer, and the enthalpy of mixing. The solubility 
parameters are as follows: PSF = 8, Toluene = 8.9 (a difference of 0.9), PMA = 9.7, acetone 
= 9.8 (difference of 0.1). From this, the F — H parameter is lower, and more favorable for the 
PMA/acetone combination.41,i11 Second, PSF is more sterically constrained with its bulky 
phenyl groups. Third, from Table 7, PMA has a higher graft density on the surface and it is 
well know that the higher the graft density, the more homogeneous the brush layer will 
be.91,97,128,129 And finally, the glass transition temperature of PSF is 107°C, whereas Tg for 
PMA is well below room temperature allowing for PMA chains to be much more mobile 
than PSF. Therefore, the experimentally determined morphology of the solvated states is 
valid based on these arguments, and the theory that the morphology in selective solvent 
conditions can be "frozen" into place is verified. 
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4.2.7 Force Volume of the Binary Brush in Fluid 
Force volume in fluid is briefly discussed in this section. There was no point for 
great in-depth analysis for the following reasons: l.) For the glassy state in fluid, the lateral 
segregation was larger than 1Os of nanometers, which was much larger from the dry state. 
Also, since the solvent evaporates in about 3 o minutes or less, there was only time enough to 
do 16 x 16 pixel resolution of MMA, thus any bimodal distribution would be almost 
impossible to observe. In any case, when the binary brush is exposed to toluene, PSF swells 
and becomes very soft, and PMA is already very soft and further solvated. Thus, even to the 
highly sensitive (very soft) AFM tip used in this experiment, PSF and PMA will effectively 
have the same mechanical response. 2.) In the rubbery state however, PSF will collapse in 
the bad solvent becoming moderately stiff, and if true re-ordering of the binary brush takes 
place in which PMA forms a homogeneous layer over PSF, then the depth profiling of the 
Young's Modulus will show this. MMA data is presented in Figures 65 and 66. 
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Figure 65. MMA results on the binary 
brush in toluene (solvated glassy state). 
Shown is a typical FDC curve (red is 
approach; black is retracting curve) 
along with depth profiling of the elastic 
modulus at low and high indentation 
forces. 
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Figure 66. MMA results on the binary brush in acetone (solvated rubbery state). 
FDC and corresponding depth profile reveal a highly non —linear elastic response. 
Results from MMA indicate that in the glassy state, at low threshold values, a nearly 
constant elastic modulus was found to be around 3 MPa, which is typical for polymer chains 
that are highly stretched in solvent. At higher indentation depths, the effect of silicon is 
observed around 140 nm, which means that under toluene, the total thickness of the binary 
brush is around 140 nm. For the rubbery state, the FDC initially shows a soft surface with 
extremely low resistance for about the first 200 nm. However, at higher indentations, the 
effect of the collapsed PSF clusters is felt as the modulus increases over the last 50 nm. 
Although the elastic modulus increases, the values should be much higher than 8 Mpa for the 
collapsed PSF cluster. This low value is due entirely to the fact that the tip is too soft to 
accurately probe the stiff PSF (see Figure 55). The soft tip is needed in this case because the 
solvated PMA is highly compliant, thus pure quantitative values cannot be achieved for the 
PSF clusters in terms of the elastic modulus, but results do indicate the expected re —
ordering as PMA swells to nearly 250 — 275 nm over PSF. Total thickness of the binary 
brush in the solvated rubbery state is around 3 00 nm, compared with 110 — 15 0 nm in the dry 
state. 
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4.2.8 Conclusions 
For a binary polymer brush layer, we investigated the morphological state, the 
structure reordering, and the nanomechanical properties as a function of treatment with 
different solvents in the dry state and under selective solvent conditions. Two incompatible 
polymers, polymethylacrylate (Pl~'IA) and poly(styrene-co-2,3,4,5,6-pentafluorostyrene) 
(PSF), were randomly grafted one after another onto a silicon wafer via the "grafting from" 
method producing thick (50 — 150 nm) dense mixed brush layers. The resulting layers 
possessed a nanostructured surface exhibiting either lateral, or vertical microphase 
segregation of the two components. The lateral and vertical reordering of the mixed brush 
layer was observed to be quick (on the order of a few minutes), and reversible for at least 100 
"switches" between good and bad solvent states for each component. 
AFM images revealed different surface structure states upon exposure to different 
solvents. Since PSF and PMA are mechanically dissimilar (glassy and rubbery, respectively) 
at room temperature, phase imaging was used to roughly verify the resulting structure. 
However, to determine vertical segregation in addition to truly authenticating the lateral 
ordering, surface nanomechanical mapping was conducted, for the first time, to directly 
determine the elastic modulus and adhesion. Results show the bimodal response of the 
mechanically heterogeneous surface, with elastic modulus and adhesion distributions very 
different for the "glassy state" and the "rubbery state". Furthermore, depth profiling of the 
elastic modulus conducted for the first time for binary brushes confirmed the vertical 
segregation in the mixed brush. Results demonstrated the dramatic mechanical contrast of 
the surface as a function of solvent conditions, and decisively revealed the modes of phase 
segregation in a binary polymer brush. 
A model of structure reorganization combining both lateral and vertical microphase 
separations was proposed. The findings were compared with recent structural predictions of 
a binary brush from theoretical calculations and found to be in agreement. Additionally, 
from the optical imaging and contact angle measurements, we show a polymer surface in 
110 
which the switching of morphology at the nanoscale also switches properties at the micro and 
macro scale (Figure 67). With such a surface, the foundation has been set to fabricate graded 
surfaces in which the properties can be gradually changed based upon the environment. 
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Figure 67. The switching of morphology at the nanoscale has dramatic effects on the 
optical properties at the microscale, as well as the macroscale surface properties, 
which can be measured by contact angle. In this case, the graded substrate has 
varying elastic modulus from 2 GPa to 50 MPa. For different environment conditions, 
it is thus possible to create more gradual changes in the surface properties of the 
polymer layer. It is also important to note that the contact angle changes from about 
95° in the glassy state to over 120° in the rubbery state due to the excessive roughness. 
This last value is close to the ultra —hydrophobic surface regime which has long been a 
goal to create in polymer surface science. 
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CHAPTER 5 
PS/PBA Polymer Brush System 
5.1 Results and Discussion of PS and PBA Homopolymer Brushes 
The results in Chapter 4 dealt with homopolymer and binary brushes of relatively 
high molecular weights fabricated via the grafting from approach. In this chapter, the aim is 
(i) to fabricate the permanent grafting of dense and homogeneous polymer brush layers via 
the grafting to approach onto a modified silicon surface and (ii) to study the nanomechanical 
and surface properties as a function of molecular weight with AFM. Since the grafting to 
approach is being used, relatively small macromolecules must be used to achieve a high 
enough density to be considered brushes. For this study, we have chosen two representative 
polymers, carboxylic acid terminated polystyrene (COOH-PS, or PS) and polybutylacrylate 
(COOH-PBA, or PBA), representing glassy and rubbery polymers respectively, with very 
different surface properties. Again, the long range goal is to develop a switchable binary 
brush system with huge contrast between states in terms of elastic and adhesive properties. 
The polymer brushes were formed by a grafting from melt technique on to the substrate 
according to the usual approach established in our lab and described in detail earlier.72 The 
epoxysilane self-assembled monolayer (SAM) deposited on a silicon wafer was used as the 
anchoring surface (i.e. the coupling agent). 
5.1.2 Fabrication and Morphology of PS Brush 
Briefly, the formation of the PS brush is discussed because, as will be seen later, full 
understanding of the grafting times and temperatures is critical for fabricating binary brushes 
from the grafting to approach. Three different PS brushes with molecular weights of 4,500, 
16,900, and 28,500 g/mol were studied. Figure 68 shows the kinetics of formation of the 
grafted layers for PS-COOH with different molecular weights from 4,500 to 28,500. For all 
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polymers studied, 18 hours of grafting time is enough to approach a virtually constant 
thickness of a grafted layer. Only statistically insignificant differences were observed for 
samples with grafting times between 18 and 48 h. The layer heights obtained independently 
by ellipsometry and AFM are close to each other (within 5-10% error range, Figure 68). This 
indicates that the polymer is densely packed in the film with a refractive index (and density) 
very close to the known value for bulk material. 
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Figure 68. Layer height measured with ellipsometry and AFM versus grafting 
time for the three different COOH-PS polymers. 
Figure 69 shows AFM images of each PS brush at the maximum grafting density (18 
hours). The surface roughness decreases with increasing grafting time reaching values of 0.2 
nm, which is identical to the supporting epoxysilane layer and indicative of highly uniform 
surfaces. Only the lowest molecular weight PS exhibits some form of structure, but this is 
very fine and far from the clustering regime found for moderately dense layers.91 At the 
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highest molecular weight, there is a higher degree of chain overlap and thus a smoother 
surface. Parameters of all COON-PS layers are given in Table 10. 
tiW 
4,500 g/mol 
16,900 g/mol 
28,500 g/mol 
Figure 69. AFM light tapping mode 1 x 1µm images of PS-COOH after 18 hours of 
grafting time. Left column is topography (z scale is 5 nm), right column is phase 
imaging (z scale is 20°. 
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Table 10. Characteristics of PS layers after 18 hours grafting time. 
Polymers Mn
(g/mol) 
Thickness 
(nm) 
RMS 
Roughness 
(nm) 
Grafting 
Amount 
Z (mg/m) 
Grafting 
Density 
2 (chain/nm) 
Grafting 
Distance 
(nm) 
~ (nm) 
PS1 4500 2.2 0.248 2.363 0.316 2.007 1.92 
PSZ 16900 4.9 0.20 5.145 0.183 2.635 3.72 
PS3 28500 6.7 0.18 6.930 0.146 2.949 4.82 
5.1.3 Fabrication and Morphology of PBA Brush 
Figure 70 shows the kinetics of formation of the grafted PBA-COOH layers. For this 
particular polymer only one molecular weight was studied (6,500 g/mol), and three hours of 
the grafting time is enough to approach a virtually constant thickness of the grafted layer. 
Only statistically insignificant differences were observed for samples with grafting times 
between 3 and 18 hours. The layer heights, again obtained independently by ellipsometry 
and AFM measurements, are close to each other (within 5-10% error range). 
Figure 70 and Table 11 show the amount of grafted polymer, grafting density and the 
surface roughness versus the grafting time of PBA chains. Increase of grafting time resulted 
in a gradual increase of the amount of grafted polymer within first three hours of grafting. 
After 18 hours of the deposition, the grafted layers practically reach a constant thickness and 
therefore represent the maximum possible grafting density. The amount of grafted polymer 
reached 3.5 mg/m2, which is typical for the "grafted to" technique (1-10 mg/m2),143
Table 11. Characteristics of COOH-PBA layer (6,500 g/mol) at increasing graft times. 
Grafting 
Time 
Thickness 
(nm) 
~S 
Roughness 
(nm) 
Grafting 
Amount 
(mg/m) 
Grafting 
Density 2
(chain/nm) 
Grafting 
Distance 
(nm) 
~ 
~nm) 
15 min 1.3 0.20 1.30 0.12 3.25 
1 hr 2.5 0.19 2.58 0.24 2.31 
3 hrs 3.2 0.19 3.41 0.32 2.00 
10 hrs 3.2 0.18 3.43 0.32 2.00 
18 hrs 3.3 0.17 3.48 0.32 1.99 2.23 
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Figure 70. The top plot shows thickness of PBA brush layer versus time of grafting as 
measured by ellipsometry and AFM. The bottom plot depicts the relationship of 
grafting amount, grafting density, and surface microroughness of PBA versus 
grafting time. 
16 18 20 
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AFM topographical images of the grafted PBA polymer layers shows how the 
morphology changes with different grafting densities. Comparable images were obtained for 
different regions in the same sample (Figure 71), and no structural differences were observed 
among different samples of the same molecular weight with the same grafting density. 
Comparison of the images revealed that the films obtained from different grafting densities 
have very different surface morphologies. At low grafting density (~' ~ 0.1 chain/nm2), a 
surface covered with densely packed islands was observed, characteristic of the dimpled 
lateral structure predicted for low grafting densities in air and in a good solvent.97,i2s,144 At 
intermediate grafting densities, AFM images reveal the formation of clusters with diameter 
of 40-50 nm and about 2-3 nm high is observed. A higher grafting density (~' > 0.2 
chain/nm2) resulted in a higher level of overlapping of macromolecular chains and the 
formation of a truly uniform surface morphology as expected for high grafting densities 
(Figure 71).91 A lower value of surface roughness, below 0.17 nm, is observed for the highest 
density grafted layer. s (Figure 70). 
r 
Figure 71. AFM light tapping images 
of the PBA brush with increasing 
graft time. Top row is after 15 
minutes, middle row is after 1 hour, 
and bottom row is after 18 hours 
grafting time. Left column is 
topography (z —scale is 5 nm), right 
column is phase image (z —scale is 
20°). Notice the change in structural 
regime from small dimples to large 
clusters to finally a smooth 
homogeneous layer. Such behavior is 
exactly the pattern seen in obtaining a 
true brush layer. 
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The thickness of the dry PBA layer at maximum grafting density reaches 3.0 ± 0.2 
nm. This thickness corresponds well to the theoretical estimation, h = 3.2 nm, for the 
polymer brush layer in a poor solvent from h ~ N6 = N (a/D)2 taking a ~ 0.6 typical for 
flexible polymer chains.s4'91'92 In fact, the degree of swelling and collapsing was examined 
for both the PS and PBA homobrush by conducting AFM scratch tests in selective solvents 
(Figure 72). A scratch was made on the sample, then the solvent was applied between tip 
and sample and the sample was scanned in contact mode with a soft tip (k = 0.1 N/m). The 
resulting cross sections from the flattened image were analyzed to obtain the height of the 
brush. Based upon the Flory —Huggins interaction parameter and group chemistries, toluene 
is a good non —selective solvent, n-butanol is a good selective solvent for PBA (poor for PS), 
and trichloroethylene (TCE) is a good selective solvent for PS (poor for PBA). Results are 
summarized in Table 12, and the thicknesses in air, good solvent, and bad solvent agree 
reasonably well with theory, providing additional verification of the brush regime. 
b 
Q 
O 
O 
rl 
a 
I 
10.0 20.0 
Figure 72. AFM image of a scratch test in fluid (in this case, it is PS3 in n-butanol), and 
the corresponding cross section analysis. This method is a direct way to measure swelling 
and collapse of brushes in selective solvents. 
Table 12. Swelling and Collapse of brushes in solvents. Green indicates a good solvent 
while red indicates a bad solvent for the specific polymer. 
Polymer 
Ury Thickness 
(nm) 
Thickness in 
Toluene (nm) 
Thickness in n- 
butanol (nm) 
Thickness in 
TCE (nm) 
PS1 2.2 9-1. .1 1 1.~ NA 
PS2 4.9 1~-~ b 1.5-2.$ NA 
PS3 6.7 20-22 2.5-3.~ NA 
PBA 3.3 -1 o NA 1.8-2.3 
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5.1.4 Mechanical Properties of PS and PBA Brush Layers 
Force volume measurements to extract quantitative mechanical properties on the PS 
and PBA brushes fabricated via the grafting to approach proved to be challenge because the 
layers axe extremely thin. For full penetration into the layers, elastic modulus derived from 
FDCs was in the range of 1 — 3 GPa for PBA and 7 — 10 GPa for PS. Obviously, this 
mechanical response was greatly affected by the stiff silicon substrate only 2 — 6 nm below 
the top of the layer. The effect of silicon had to be filtered out to obtain the true elastic 
modulus of the layers. To account for this, careful attention was devoted to control the level 
of penetration into the layer, and to only look at the first 1 — 2 nm of penetration. However, 
even at this low level of penetration, the effect of the substrate is still observed. This 
problem was dealt with by using a double layer model that considers cooperative 
deformation of two layers with different elastic moduli.20 The theory was adapted to analyze 
compliant polymer layers on top of a stiff solid substrate and provide AFM data processing 
and fitting procedures.l4s,146 The surface distribution of the mechanical response for the 
brush layers was obtained with 16 x 16 pixel micromapping of randomly selected surface 
areas. An example of a histogram for the surface distribution of elastic modulus from 1 — 2 
nm penetration within the 2 x 2µm area for both PS and PBA brush layers is presented in 
Figure 73. 
The average value of the elastic modulus is about 1.1 GPa for the PS layer with the 
highest molecular weight tested but decreases to 600 MPa for the layers fabricated from low 
molar weight PS (Table 13). These values are within a range of values measured for glassy 
polymers of different molecular weights with AFM probing.l3o,14~ In contrast, the PBA layer 
possesses the peak elastic modulus of 40 MPa, typical for rubbery polymer phases (Table 
13). Under identical normal loads, the elastic reversible indentation of the AFM tip is much 
higher (3-5 times) for the rubbery PBA layer (Figure 73). Typically, the maximum 
indentation depth under the normal load of 40 nN was within 3 nm for the rubbery PBA 
brush layer but stays close to 1 nm for the PS brush layer. The pull-off force normalized to 
the tip radius R, OF/R, could be considered as a measure of adhesive energy required 
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Figure 73. Histograms of the surface distribution of the elastic m odulus for PBA 
and PS layers (top) and an example of a penetration -load curve for these layers 
showing very different elastic response upon mechanical loading (bottom). 
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separating the AFM tip and a polymer surface,120, l4s Strong adhesion is observed for the 
PBA brush layer as expected for rubbery polar polymers (Table 13). The PS brush layer 
shows consistently smaller adhesion forces as expected for stiffer polymer surfaces with 
lower surface tension (Table 13). 
Table 13. Resulting mechanical uroDerties 
Polymers M" 
(g/mol) 
Thickness 
~nm~ 
Grafting 
Density 2 
(chain/nm) 
Young's 
Modulus (GPa) 
Adhesion 
2(mJ/m ) 
PSl 4500 2.3 0.22 0.6 ± 0.1 19 ± 3 
PS2 16900 5.0 0.49 0.9 ± 0.1 20 ± 3 
PS3 28500 6.7 0.65 1.1 17 ± 3 
PBA 6500 3.3 0.32 0.03-0.08 37 ± 3 
The elastic modulus of the PS brush layer increases with increasing layer thickness or 
molecular weight of the grafted polymers (Table 13, Figure 74). This trend is continued 
consistently if an additional data point for the "grafted from" brush layers from high 
molecular PSF (Chapter 4) is added as discussed elsewhere.l49 This relationship is 
reminiscent of the known molecular weight dependence of mechanical parameters such as 
tensile strength or elastic modulus, as well as thermal parameters such as the glass transition 
temperature. l so, i s 1, i s2, l s3 The increase of mechanical parameters and glass transition 
temperatures was related to the variation of free volume caused by decreasing concentration 
of end groups of polymer chains. Additional contribution comes from the constraints 
imposed by a denser physical entanglement network whose formation being intensified when 
molecular weight exceeds a critical segment weight, M~. For bulk polymers, thermo-
mechanical parameters are a linear function of the inverse molecular weight in the form: A-
BM + M~)-1, where the parameter A gives an expected value for the polymer with infinitely 
high molecular weight. 
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Figure 74. Top: The elastic modulus versus the molecular weight for PS brush layers 
studied in this work (last point represents the high molecular weight PSF from 
Chapter 4). Bottom: The linear regression fit of the elastic modulus as a function of 
~Mn + Mc~-1• 
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In fact, the experimental data of elastic modulus for grafted polymers with different 
molecular weights follow this law with a value of M~ of 18,000 known for bulk PS,ls4 This 
can be seen clearly from Figure 74. Reasonable linear fit could be obtained for a whole set 
of data. Similar relationships between physical mechanical parameters and molecular weight 
characteristics in the grafted and bulk polymers indicate that the process of the formation of 
the physical network within the polymer melt of chains tethering to a solid substrate is 
similar to that occurring in an unconstrained polymer melt. Extrapolation of the lineax fit to 
infinite molecular weight gives an ultimate value of 1.4 GPa for the highest reachable elastic 
modulus, which is close but slightly lower than usual values of 2.5-3 GPa measured for bulk 
PS.41 This difference might indicate that the level of entanglements in grafted polymer 
chains is somewhat lower than in the bulk state and additional disturbance due to the 
presence of spatial constraints leads to weaker compression resistance of ultrathin polymer 
layers. 
Under these conditions, three P S brush layers studied here represent very different 
cases of chains without entanglements for M « M~ as well as chains with one or two 
entanglements for brushes with M >_ M~ (Table 13}. This transition between these two states 
shows itself with a large reduction of the compliance reflected by a two-fold increase in the 
elastic modulus for grafted layers with M >_ M~. These dramatic changes of the elastic 
properties of polymer brushes are observed in the range of molecular weights close to the 
critical segment length. However, it seems that spatial constrains imposed by tethered chain 
ends will only modestly influence the formation of chain entanglements in thicker brush 
layers. These results indicate that modest lowering of a "limiting" elastic modulus can be 
expected for thicker brushes. 
5.1.5 Conclusions 
In conclusion, we fabricated dense and homogeneous PS and PBA thin polymer 
layers permanently grafted on the SAM modified silicon via the grafting from approach. The 
kinetics of formation for each brush was characterized and this information will be needed 
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for constructing a 5 0 : 5 0 P S :PBA binary brush. AFM imaging as well as thickness 
measurements in air and selective solvent conditions agreed with theoretical scaling models 
and verified the presence of a true brush structure. Micromapping of the surface mechanical 
properties revealed that the average values of the elastic moduli are about 1.1 GPa for the PS 
layer, which contrasts sharply with 40 MPa for the PBA layer. Additionally, the pull —off 
force necessary to disjoint the AFM tip from the surface was almost twice higher with PBA 
compared too PS. It was found the elastic modulus for the PS polymer brush layers greatly 
depends upon molecular weight and follows the inverse law with segment molecular weight, 
M~ of 18,000 known for bulk PS. Under these conditions, three PS brush layers studied in 
this work represent very different cases of chains without entanglements for M « M~ as well 
as chains with one or two entanglements for brushes with M >_ M~. This transition shows 
itself in dramatic reduction of the compliance reflected with atwo-fold increase in elastic 
modulus. Our estimation predicts that modest lowering of the "limiting" elastic modulus of 
1.4 GPa can be expected for thicker polymer brushes. 
5.2 Results and Discussion of PS/PBA Binary Brushes 
Through the course of this work, it was learned that fabrication of brush layers is far 
from trivial. Taking this a step further and developing binary brushes with equal parts 
concentration proved to be an almost insurmountable task with the grafting to method. To 
fabricate binary brushes in this grafting scheme, two approaches were used: l .) grafting two 
polymers in one step, and 2.) using a two step grafting procedure in which either PBA or PS 
is grafted first, and then the other is grafted in the next step. 
5.2.2 One Step Grafting of PS/PBA Binary Brushes 
It is more favorable to accomplish the grafting of the binary brush in one step, since it 
is a faster and simpler process, and, with fewer steps, there is less chance of the surface or 
grafting solution becoming contaminated. However, several iterations were attempted with 
varying amounts of each polymer as well as grafting times and temperatures, and there was 
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no meaningful results in terms of creating switchable binary brushes. AFM images of the 
brushes obtained with this approach are shown in Figure 75. 
It is expected that the phase separation in the binary brushes created with these 
polymers that have relatively low molecular weight should be very small. This is because the 
radius of gyration is on the order of only a few nanometers, and any lateral segregation 
should be in this size range if true random and uncorrelated grafting of each polymer.99,l00 
The domain sizes in Figure 75 are clearly much larger than this meaning that a complete (or 
any degree of vertical reordering) switching of the top layer surface composition will be 
impossible. This is a result of dewetting in the brush layer. One polymer is entropically 
favored to graft to the surface more than the other is. Once the favored polymer begins 
grafting, the second polymer, due to steric repulsions, cannot penetrate through the layer and 
find grafting sites. iss,is6 In this case, the second polymer will either polymerized in solution, 
or simply dewett the existing brush. i s7 
Obviously, the morphology in Figure 75 is not favorable, and there was very little 
change in the structure in different solvents even after 24 hours of solvent exposure. To be 
useful in potential applications, time of switching should be on the order of a few minutes at 
least. Furthermore, there was no change in contact angle after different solvent exposure, 
further indicating that switching of surface composition was not possible in this scheme. 
5.2.3 Two Step Grafting of PS/PBA Binary Brushes 
To potentially overcome these problems, grafting of the binary brush was attempted 
again using several iterations of a two —step approach. Because we attempted so many 
iterations, we extinguished our supply of P S 1, P S 2, and P S 3 . Thus, new P S was ordered, and 
all that was currently available was PS4 (4,200 g/mol) and PSS (9,700 g/mol), although the 
kinetics of grafting were assumed to be known for these molecular weights since it was 
characterized already for very similar polymers. The best samples, in terms of morphology, 
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Figure 75. AFM light tapping images of the PS/PBA binary brush after exposure 
to selective solvents. Height scale is 30 nm and all images are 5 x 5µm. Top set is 
PS1/PBA, middle set is PS2/PBA, and bottom set is PS3/PBA. Time of switching 
was 24 hours. 
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were achieved when grafting PBA first, then P S in the second step. Grafting parameters for 
these samples are listed in Table 14. 
Table 14. Grafting parameters of the two —step binary brush. 
Sample Brush 1 Brush 2 
1 PBA 1 = 0.48 
(10 min at 50 C, sol # 1) 
PBA1/PS4 = 1.95 ± 0.04 
(18 hours at 150 C, sol # 4) 
2 PBA 1 = 0.34 
(10 min at 70 C, sol # 1) 
PBA1/PS4 = 2.99 ± 0.47 
(18 hours at 150 C, sol # 4) 
3 PBA 1 = 0.87 
(10 min at 50 C, sol # 1) 
PBA1/PSS = 2.29 ± 0.55 
(18 hours at 150 C, sol # 6) 
4 PBA 1 = 0.30 
(10 min at 70 C, sol # 1) 
PBA1/PSS = 3.56 ± 0.02 
(18 hours at 150 C, sol # 6) 
Where: Solution 1 is 0.5 %PBA in toluene 
Solution 2 is 2% PS#4 in toluene 
Solution 6 is Z% PS#5 in toluene 
High-resolution AFM was used for imaging since the phase separation in these 
brushes was on the order of a few nanometers, which is expected for a binary brush 
composed of polymers with these low molecular weights. Images are shown in Figure 76. 
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Figure 76. AFM light tapping mode images of PS/PBA binary brush produce with 
two —step grafting. Top set is Sample 1 (Table 14), second set is Sample 2, third 
set is Sample 3, and bottom set is Sample 4. Height scale is only 3 nm and all 
images are 600 x 600nm. 
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It is interesting to compare several points between the surfaces produced with the 1 step 
and the 2 step grafting approaches (Figures 75 and 76): 
1. AFM images obtained for 1 step brushes were taken at S x 5µm in order to 
adequately see the lateral segregation, whereas the scale was only 600 x 600 nm for 
the 2 step brushes. 
2. The height scale in the images went from 3 0 nm down to 3 nm. 
3. A noticeable change in the nanodomain structure is observed for the 2 step brushes 
upon exposure to selective solvents for less than one hour. 
4. While there was no change in contact angle for 1 step brushes, the contact angle 
changed from about 70° (inn — butanol) to 115° after exposure to TCE, indicating a 
change in surface composition. 
5.2.4 Conclusions 
Two approaches were tested for fabrication of the PS/PBA binary brush via the 
grafting to method with favorable results only in the case of the 2 step grafting approach in 
which PBA was grafted at the first step, and PS at the second step. High resolution AFM 
revealed changes in the lateral ordering of the brush upon exposure to selective solvents, 
while contact angle measurements clearly indicated a switch in composition at the top layer. 
However, since the two polymers are mechanically heterogeneous, force volume testing 
needs to be carried out to verify the switching or reordering of the structure as a function of 
the solvent conditions. 
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CHAPTER 6 
General Overview 
The fabrication and engineering of chemically grafted ultra thin polymer brush layers 
has been at the forefront of polymer surface science for the past decade. Of all subtopics in 
this field, perhaps the most extensively pursued research has been to develop polymer layers 
with tunable surface properties as well as with tunable morphology and layering. Both of 
these concepts were addressed in this research. The novel concept of switching in a single 
polymer film was first proven in late 1999 46, and this has allowed for the realization of 
highly controllable polymer surfaces which can be applied to the MEMS (and now NEMS) 
industry to tune properties such as wettability, adhesion, friction, and roughness on surfaces 
of moving or sensing components in these devices. In addition, precise nanopatterning of 
inorganic surfaces with polymer layers has allowed for the advancement in fabrication of 
these devices, as well as to act as templates in the building of organic/inorganic hybrid 
structures. 
While there has been a great amount of attention devoted to the theoretical 
predictions of polymer brushes, as described in Chapter 2, there has been very little 
experimental work conducted to characterize the morphology and properties of these layers. 
This is due to two main reasons. The first is that the fabrication of clean dense, thick brushes 
has been anon —trivial task and remains a formidable challenge in this ~ eld. The second 
reason is that very few research groups have been able to develop techniques and procedures 
that allow for AFM to characterize the nanoscale properties of these layers. Through the 
work in this research devoted to characterizing polymer brushes at the nanoscale, several 
important experimentally verified conclusions can now be made. 
We have shown that true polymer brush layers can be fabricated by using either the 
grafting to approach, or the grafting from approach. The difference between these two 
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approaches was clearly seen as the thickest brushes in the grafting to regime ranged from 6 —
8 nm, while extremely dense brushes with thicknesses over 100 nm were fabricated via the 
grafting from approach. The morphology of these layers was revealed in dry conditions and 
under good and bad solvent conditions, and compared well with theoretical predictions. 
AFM based Techniques were developed in this lab to understand the thermo —elastic 
behavior, and quantify the elastic modulus and adhesion of these layers. Thus, for the first 
time, physical properties of 2 — 100 nm thin polymer brush layers can be compared with that 
of bulk polymers. 
The next step was to use a two step grafting procedure and develop heterogeneous, or 
binary polymer brush films. These layers showed a dramatic change in conformation as a 
function of the solvent exposure. Also, the complete switching of the surface morphology 
and chemical composition was verified. Several models have been produced to predict the 
conformation of chains, essentially a phase diagram, of the mixed brush if the two monomers 
react very differently to the surrounding environment. Through AFM, direct insight into the 
reordering of the chains in terms of lateral and perpendicular segregation under varying 
solvent quality was observed. By grafting two incompatible and mechanically contrasting 
polymers in PSF and PMA, a single polymer brush layer was developed in which a switch 
could take place to convert a hard, glassy, low energy surface into a soft, rubbery, sticky 
surface in j ust a matter of seconds. 
In conclusion, through this work, we have developed procedures to fabricate and 
directly prove that polymer surfaces with reversibly switchable states can be synthesized, as 
well as to characterize the nanoscale mechanical and morphological properties in each "state" 
using AFM both in air and in solvent. We have shown that changes in the morphology at the 
nanoscale lead to dramatic switching of the properties even at the macroscale. As observed 
in this work, the most difficult challenge to overcome when attempting to develop binary 
switchable layers is to achieve high control in the composition of the grafted monomers (for 
example 1:3 or 1:1 of Polymer 1:Polymer 2), and to have uncorrelated grafting sites in which 
Polymer 1 and Polymer 2 are randomly dispersed on the surface. Ideas include a grafting to 
131 
approach of "Y" shaped molecules where two different monomers make up the arms that are 
grafted to a core molecule, which in turn is covalently attached to the substrate. Such work is 
under way in our lab and is a future development in this field. Also, in the grafting from 
approach, a precision of the grafting sites can be controlled by using an "inimer", or a 
molecule with both an initiator and a monomer segment for subsequent polymerization. A 
second monomer can be directly synthesized at these inimer sites to produce a mixed 
polymer layer. The research presented here will be a reference point for developing, 
characterizing, and comparing other switchable polymer brush systems with varying 
chemistry and switching mechanisms (i.e. sensitive to pH or temperature changes). From 
this work, the idea is realized that by exposing certain polymer brush films to varying 
environments, the surface properties and hence physical properties have the ability of being 
precisely tuned to the desired state. 
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